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Titre : conception et développement d’hydrogels pour l’ingénierie tissulaire 
appliquée au tissu osseux 
Résumé : Le besoin clinique de nouvelles stratégies pour pallier aux limites des techniques actuelles dans 
le cas de régénération osseuse a permis l’émergence de l’ingénierie tissulaire osseuse. Les stratégies 
basées les techniques d’ingénierie tissulaire semblent être une alternative à l’utilisation de greffes et ainsi 
de s’affranchir des limites qu’elles présentent. L’approche adoptée dans le cadre de cette thèse consiste en 
le développement et l’utilisation d’hydrogels comme matériaux d’échafaudage pour le comblement et la 
régénération de tissus osseux. De nombreuses approches utilisant elles aussi des hydrogels existent, 
chacune possède ses avantages et limites. Dans ce contexte, nos travaux ont consisté en l’utilisation d’un 
hydrogel non-polymérique comme matériau de base dans le développement des stratégies. Brièvement, 
plusieurs types cellulaires sont présents au sein du tissu osseux et vont participer aux processus de 
formation et de régénération osseuse. L’objectif de nos stratégies a été l’apport de cellules souches 
exogènes puis leur différenciation en cellules ostéoformatrices, ou le recrutement et la différenciation des 
cellules de l’hôte en cellules ostéoformatrices. Le gel de GNF a été utilisé comme matrice tridimensionnelle 
pour ses propriétés d’injectabilité, de géléfication en l’absence d’agent de réticulation toxique et son potentiel 
ostéoinducteur. Ce travail a consisté au développement de stratégies pour l’ingénierie tissulaire osseuse en 
associant le gel de GNF à une matrice naturelle de collagène cellularisée ou à des molécules bioactives 
pour promouvoir la régénération de lésions osseuses. Ces travaux ont permis de développer et caractériser 
des stratégies pertinentes pour la régénération de lésions osseuses basées sur l’utilisation d’hydrogels. 
Mots clés : Ingénierie tissulaire ; Os ; Hydrogel 
 
Title: Design and development of hydrogels for bone tissue engineering  
Abstract: New strategies to overcome the clinical limitations of current techniques for bone defect filling 
and regeneration has led to the involvement of bone tissue engineering. Indeed, strategies based on tissue 
engineering techniques seem to be an alternative to the use of grafts and thus to defeat their limits. The 
approach employed in this thesis consists in development and use of hydrogels as scaffold materials for 
bone defect filling and regeneration. There are many approaches that also use hydrogels, each one with its 
advantages and limitations. In this context, our work consisted in the use of a non-polymeric hydrogel as 
basic material in the development of strategies for bone tissue engineering. Briefly, several cell types are 
present within bone tissue and will participate in the processes of bone formation and regeneration. The 
objective of our strategies was the contribution of exogenous stem cells and then their differentiation into 
osteogenic cells or the recruitment and differentiation of the host cells into osteogenic cells within the 
material. The GNF gel was used as a three-dimensional matrix considering its properties of injectability, 
gelation in the absence of toxic crosslinking agent and its osteoinductive potential. The goal was to develop 
strategies for bone tissue engineering by combining the GNF gel with a natural matrix of cellular collagen or 
bioactive molecules to promote the regeneration of bone lesions. This work allowed to develop and 
characterize strategies relevant to the regeneration of bone lesions based on the use of hydrogels. 
Keywords : Tissue engineering ; Bone ; Hydrogel 
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Avant-Propos 
Chaque année, des millions d’interventions chirurgicales sont réalisées dans le monde 
entier pour le traitement de lésions osseuses. Bien que le tissu osseux ait la capacité de 
se réparer naturellement, dans le cas de lésions trop importantes ou de certaines 
pathologies ce potentiel de régénération n’est pas suffisant. Il est alors nécessaire pour 
le clinicien d’avoir recours à l’utilisation d’autogreffes, d’allogreffes ou de biomatériaux 
exogènes. Toutefois ces approches présentent de nombreuses limitations. C’est dans 
ce contexte que l’ingénierie tissulaire osseuse semble être une approche prometteuse 
pour favoriser la régénération des tissus osseux en proposant une alternative aux 
techniques actuelles. Cette approche repose sur l’utilisation de biomatériaux comme 
matrice tridimensionnelle (ou échafaudage) pour favoriser et guider la formation de 
nouveaux tissus osseux. Les hydrogels sont parmi les biomatériaux les plus prometteurs 
pour une application en ingénierie tissulaire osseuse. En effet leurs propriétés peuvent 
leur permettre d’être injectés, minimisant le caractère invasif du geste chirurgical, 
d’épouser parfaitement la géométrie de la lésion osseuse à combler et de contenir du 
matériel biologique (cellules, gènes, protéines). Dans ce contexte, l’objectif de cette 
thèse est de concevoir, développer et étudier de nouvelles stratégies d’ingénierie 
tissulaire à partir d’hydrogel pour le combement et la régénération du tissu osseux. Pour 
y parvenir, le premier objectif consiste au développement d’un hydrogel composite 
adapté à l’injection de cellules souches pour la régénération osseuse. Un second objectif 
est le développement d’un système de libération de facteurs de croissance, injectable et 
capable de promouvoir la réparation d’une lésion osseuse.  
Ce projet a été mené dans le cadre d’une cotutelle de thèse entre le laboratoire de 
Biomatériaux et Bioingénierie de l’université Laval sous la direction du Professeur Diego 
Mantovani et le laboratoire Biotis, sous la direction du Docteur Olivier Chassande. 
Dans le cadre de cette cotutelle l’extraction et la réalisation des gels de collagène ainsi 
qu’une partie de la caractérisation des matériaux ont été réalisés au laboratoire de 
Biomatériaux et Bioingénierie à Québec. Le développement des hydrogels synthétiques 
et les études in vivo ont été réalisées aux laboratoires de l’université de Bordeaux.  
L’introduction de ce manuscrit présente la structure de la thèse, la physiologie du tissu 
osseux, ses pathologies, les solutions cliniques actuelles et leurs limites. Les concepts 
d’ingénierie tissulaire et ingénierie tissulaire appliquée au tissu osseux seront ensuite 
définis. Le premier chapitre présente une revue de la littérature sur l’utilisation des 
hydrogels pour l’ingénierie tissulaire osseuse. Ce chapitre a fait l’objet d’une publication 
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dans « journal of tissue engineering », journal international à comité de lecture.  Les 
chapitres deux et trois présentent la conception et la validation de stratégies d’ingénierie 
tissulaire osseuse. D’une part pour l’injection de cellules souches ou de facteurs de 
croissance, à partir d’hydrogels et appliquées à la régénération du tissu osseux. Ces 
chapitres font l’objet d’articles scientifique de recherche originale et sont actuellement 
en révision dans des journaux internationaux à comité de lecture.   
En tant que premier auteur de ces trois articles, j’ai mené ces travaux de leur conception 
à la validation en collaboration avec des co-auteurs.   
Chapitre 3: Cellularizing hydrogel-based scaffolds to repair bone tissue: How to create a 
physiologically-relevant microenvironment?Auteurs : Mathieu Maisani, Daniele Pezzoli, 
Olivier Chassande, Diego Mantovani. Journal : Cet article a été publié dans Journal of 
Tissue Engineering, June-08-2017. doi : 10.1177/2041731417712073. Pour cet article, 
j’ai effectué les recherches bibliographiques et leur synthèse ainsi que la rédaction en 
étroite collaboration avec Daniele Pezzoli. Olivier Chassande et Diego Mantovani ont 
dirigé les recherches et la rédaction du manuscrit. 
Chapitre 4: A new composite hydrogel combining the biological properties of collagen 
with the mechanical properties of a supramolecular scaffold for bone tissue 
engineering.Auteurs : Mathieu Maisani, Sophia Ziane, Camille Ehret, Lucie Levesque, 
Robin Siadous, Jean-François Le Meins, Pascale Chevalier, Philippe Barthélémy, Hugo 
De Oliveira, Joëlle Amédée, Diego Mantovani, Olivier Chassande.Journal : Cet article 
est en révision dans Journal of Tissue Engineering and Regenerative Medecine. Pour 
cet article, les expériences et l’analyse des résultats ont été menées par moi-même et 
en collaboration avec Sophia Ziane, Camille Ehret qui avaient précédemment travaillé 
sur ce projet. Lucie Levesque a réalisé les extractions de collagène, Pascale Chevalier 
les analyses FTIR, Jean-François Le Meins les analyses rhéologiques. J’ai rédigé la 
majeure partie de l’article. L’ensemble a été corrigé par les auteurs.  
Chapitre 5: Prolonged delivery of BMP-2 by a non-polymer hydrogel for bone defect 
regeneration.Auteurs : Mathieu Maisani, Sindhu, Mathilde Fenelon, Robin Siadous, 
Sylvie Rey, Diego Mantovani, Olivier Chassande.Journal : Cet article a été soumis à 
Biomaterials. Dans cet article, j’ai réalisé la conception des hydrogels chargé en BMP-2 
et ai fait toutes les expériences. Sindhu KR, Mathilde Fénelon, Robin Siadous et Sylvie 
Rey m’ont respectivement apporté leur expertise et ont participé à la mesure de 
fluorescence in vivo, la réalisation des lésions osseuses chez la souris, l’extraction de 
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cellules souches humaines, la coloration de coupes de tissus fixés. J’ai effectué l’entière 
rédaction qui a été corrigée et améliorée par Olivier Chassande et Diego Mantovani.  
Après les résultats, le dernier chapitre présente une discussion générale sur le travail 
effectué tout au long de cette thèse. Cette section met en relief et discute les 
méthodologies et les techniques développées pour réaliser les travaux présentés ainsi 
que les défis rencontrés et propose les perspectives envisagées.  
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Structure de la thèse 
L’introduction de cette thèse traite de la physiologie osseuse ainsi que des mécanismes 
de guérison du tissus osseux. Sont ensuite présentées les stratégies cliniques de 
thérapie et de comblement osseux puis les stratégies alternatives aux techniques 
actuelles comme l’ingénierie tissulaire.  
À la suite de l’introduction les approches et objectifs de l’étude sont développés. 
Le chapitre suivant (chapitre 3) est une revue de la littérature publiée dans « Journal of 
Tissue Engineering » dans le cadre du numéro spécial « Tissue engineering biomimetic 
micro-environment to direct cell function ». Le manuscrit traite de la création de 
microenvironnement aux propriétés physiologiques adéquates pour la régénération du 
tissu osseux à partir d’hydrogels : “Cellularizing hydrogel-based scaffolds to repair bone 
tissue: How to create a physiologically-relevant microenvironment?”. Ce manuscrit 
présente l’état de l’art concernant les stratégies d’ingénierie tissulaire dédiées à la 
réparation osseuse. Il traite des nombreux facteurs qui déterminent la survie, la capacité 
de différenciation et de formation osseuse des différents types de cellules souches 
humaines utilisées en ingénierie tissulaire. Les limites actuelles à surmonter pour la 
conception des matrices d’échafaudage pour l’application clinique future de ces 
matériaux sont exposées. Ainsi ce travail aborde de nombreuses disciplines telles que 
l’anatomie et la physiologie lors de la description du tissu osseux et de ses mécanismes 
de réparation. La chimie et la physique sont abordés dans le cadre de la description des 
différents matériaux d’échafaudage sous forme d’hydrogel. La biochimie intervient quant 
à elle pour la description des facteurs de croissance et de la biologie cellulaire. Enfin les 
modèles expérimentaux in vivo sont présentés pour l’évaluation de la fonction des 
stratégies d’ingénierie tissulaire. Compte tenu du grand nombre d'articles publiés dans 
ce domaine, nous avons limité notre recherche aux publications les plus récentes, en 
privilégiant les articles présentant des études réalisées in vivo. Néanmoins, cette revue 
cite 254 références, parmi lesquelles des revues récentes qui peuvent aider le lecteur à 
explorer plus en détail certains des nombreux domaines abordés dans ce manuscrit. Au 
cours de ce chapitre nous soulignons les limites scientifiques et techniques de ces 
stratégies qui devront être abordée lors des recherches futures.  
Le chapitre 4 présente une étude expérimentale ayant conduit à la rédaction d’un article 
scientifique : « A new composite hydrogel combining the biological properties of collagen 
with the mechanical properties of a supramolecular scaffold for bone tissue 
engineering. ». Ce travail présente la conception, la validation et la caractérisation d’un 
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matériau pour l’ingénierie tissulaire osseuse. L’objectif est d’optimiser le choix des 
éléments constitutifs du produit d’ingénierie tissulaire ainsi que les méthodes de 
conception de celui-ci et d’en réaliser la caractérisation in vitro et in vivo. Ainsi ce 
manuscrit décrit les propriétés d'un hydrogel hybride constitué de collagène associé à 
un nouveau type d’hydrogel physique non polymérique et son potentiel en tant que 
matrice d'échafaudage pour les cellules souches dérivées du tissu adipeux (hASCs) en 
vue de constituer un produit pour l'ingénierie du tissu osseux. Ce chapitre concerne à la 
fois la caractérisation physico-chimique de ces gels : FT-IR, Rhéologie, microscopie 
électronique à balayage, ainsi que ses propriétés biologiques : caractérisation in vitro et 
in vivo des complexes matériaux-cellules (survie et différenciation des cellules souches 
ensemencées). 
Cet hydrogel composite a montré des caractéristiques mécaniques et biologiques 
supérieures par rapport aux hydrogels de collagène ou de GNF étudiés séparément. La 
présence de l'hydrogel physique de GNF a limité le phénomène de compaction du gel 
de collagène et donc la diffusion des cellules hors de l’échafaudage. L’étude rhéologique 
des matériaux a souligné que l’hydrogel composite présente un module élastique plus 
élevé que celui des gels de collagène et de GNF. L'hydrogel composite a permis 
l'adhésion cellulaire et la prolifération in vitro, et la survie cellulaire à long terme in vivo 
là où les cellules ne survivent pas dans les hydrogels de GNF. En outre, il a favorisé la 
différenciation des hASCs en l'absence de facteurs ostéogéniques. In vivo, les cellules 
ensemencées dans le gel composite et injectées ensite sous-cutanée chez des souris 
immunodéficientes ont produit du tissu ostéoïde et se sont différenciées en cellules 
osseuses. Cette étude a conduit au développement d’un nouvel hydrogel composite 
présentant des propriétés prometteuses en tant qu’échafaudage pour des applications 
en ingénierie des tissus osseux 
Le chapitre 5 présente également une étude expérimentale ayant conduit à la rédaction 
d’un article scientifique. Les protéines de la morphogenèse osseuse 2 (BMP-2) sont les 
facteurs de croissance les plus fréquemment utilisés pour les approches de régénération 
osseuse en clinique. Généralement, elles sont combinées avec des éponges de 
collagène : ces dernières sont imbibées d’une solution de facteur de croissance avant 
l'implantation. Bien que ces protocoles soient cliniquement établis, ces techniques 
n’offrent qu’un faible contrôle sur la libération des facteurs de croissance. En effet, les 
BMPs sont rapidement transmises au site lésé et à des concentrations supra-
physiologiques, entraînant des effets secondaires indésirables, limitant leur utilisation en 
clinique. Les travaux réalisés au cours de cette étude ont permis de développer un 
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système de libération de BMP-2 pour l’ingénierie du tissu osseux. Après avoir étudié les 
cinétiques de relargage de la BMP-2 contenue dans les hydrogels et son effet sur des 
cultures cellulaire in vitro, les matériaux étaient implantés en lésion osseuse de calvaria 
chez la souris afin d’étudier la capacité des hydrogels à maintenir la BMP-2 sur le site 
lésé. Une analyse radiographique (plane et tridimensionnelle) puis histologiques a 
ensuite réalisée afin d’étudier la capacité des matériaux à promouvoir la régénération 
osseuse. Nous montrons que la BMP-2 peut être facilement encapsulé dans ces gels et 
lentement libéré in vitro, tout en maintenant son activité ostéogénique. Lorsque 
l’hydrogel contenant une faible dose de BMP-2 est déposé sur un défaut de calvaria 
réalisé chez la souris, la protéine est délivrée pendant plusieurs semaines et favorise la 
régénération osseuse. Lors du sacrifice des animaux, l'os nouvellement formé couvrait 
la majeure partie de la lésion osseuse. De plus, il présentait une épaisseur et des 
caractéristiques histologiques similaires à celles de l’os natif. Les travaux menés lors de 
cette étude ont conduit à la validation de l'hydrogel de GNF comme un système de 
libération de BMP-2 facile à utiliser et efficace pour la régénération osseuse. 
Au cours de la Discussion générale puis des Limites des modèles et outils; 
perspectives de l’étude, les résultats et les stratégies présentés au cours des chapitres 
précédents sont discutés. Nous reviendrons sur le choix des hydrogels, des types 
cellulaires et des facteurs de croissance utilisés; sur les méthodes de conception des 
matériaux; sur les techniques d’études des propriétés ostéoinductrices. Enfin, les 
perspectives pour les travaux futurs sont proposées.  
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Figure 1 Structure de la thèse 
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1. Introduction 
1.1. Physiologie osseuse et mécanismes de guérison 
1.1.1. Définition et fonctions du tissu osseux 
Le squelette humain est composé de 206 os : 80 pour l’axe tête-cou-tronc et 126 pour 
les membres. Ils sont généralement classés sur la base de leur forme, dans quatre 
catégories principales : i) os longs (par exemple, l'humérus, le radius, l’ulna, le fémur, le 
tibia), ii) os courts (par exemple, les os du carpe et du tarse), iii) os plats (par exemple, 
os du crâne, les omoplates, le sternum, les côtes), et iv) os irréguliers (par exemple, les 
vertèbres, le coccyx, le sacrum)[1].Les différents tissus composant l’os sont les tissus 
osseux spongieux et compacts, le tissu osseux cartilagineux, le cartilage fibreux 
(insertion des tendons), la moelle osseuse hématopoïétique (cavité centromédullaire).  
Le tissu osseux a trois grandes fonctions :  
1. Mécanique : il apporte soutien et protection aux organes vitaux et au système 
nerveux (rôle statique) et il permet de transmettre les forces d’une partie du corps à 
une autre (rôle dynamique). Les propriétés mécaniques de l’os sont un compromis 
entre le besoin de raideur (réduction de la contrainte et efficience cinématique) et le 
besoin de ductilité pour absorber les chocs (réduction du risque de fracture). Pour 
répondre à ce compromis, des milliers d’années d’évolution ont produit une 
microstructure complexe, anisotrope, multiphasique et hétérogène, qui est décrite ci-
après. 
2. Métabolique : le tissu osseux est un tissu dynamique en renouvellement permanent 
sous l’effet des contraintes mécaniques. Ce remodelage entraine le stockage ou la 
libération de sels minéraux. L’os participe ainsi avec l’intestin et les reins à 
l’homéostasie phosphocalcique de l’organisme. 
3. Hématopoïétique : la moelle hématopoïétique, renfermée dans l’espace médullaire 
de l’os est à l’origine de la production des trois types de lignées de cellules du sang. 
1.1.2. Structure osseuse 
L'os est un tissu conjonctif qui peut être considéré comme un matériau cellularisé 
composite, la partie interne est composée d'un os spongieux, souvent appelé os 
trabéculaire, alors que la parie externe est formée par un os compact aussi défini comme 
os cortical. Le ratio de masse relative entre ces deux types d’os varie de 20 % à 80 % 
dans l'ensemble du système squelettique, en fonction des os concernés. La principale 
différence entre les deux types d'os réside dans leur porosité qui peut varier fortement[2]. 
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1.1.2.1. L’os trabéculaire ou spongieux 
Le premier type est l’os trabéculaire ou spongieux présentant 30 à 95 % de porosité, 
habituellement trouvé dans les os cubiques, les os plats et aux extrémités des os longs. 
Cette structure poreuse est remplie de moelle osseuse qui est constituée de vaisseaux 
sanguins, de nerfs et de divers types cellulaires, responsable de l’hématopoïèse ainsi 
que les ostéocytes trabéculaires qui reçoivent des éléments nutritifs à travers le réseau 
canaliculaire. La matrice est formée par un réseau tridimensionnel de trabécules, 
ramifiées et anastomosées avec une épaisseur d'environ 100 à 150 µm et un espace 
entre les travées de 500 à 1000 µm. Leur agencement est variable. Les trabécules ont 
une organisation lamellaire similaire à celle des ostéons, mais sans canal interne et sans 
vascularisation. 
  
 3 
 
Figure 2 : Structure et organisation des os longs [3] 
1.1.2.2. L’os cortical 
En opposition, l'os cortical également nommé haversien ou compact est dense et solide, 
avec une porosité comprise entre 5% et 30% et différents types de pores [4]. 
On pourra décrire deux sous-unités : la première dite lamellaire où la porosité est la plus 
faible. La matrice osseuse est disposée en lamelles superposées et les microfibrilles de 
collagène sont organisées parallèlement selon une direction qui se modifie entre chaque 
lamelle consécutive de sorte à offrir la meilleure réponse aux contraintes mécaniques. 
La seconde sous-unité se compose de structures cylindriques appelées ostéons ou 
systèmes haversiens, avec un diamètre d'environ 200 nm, formée par des lamelles 
cylindriques entourant le canal de Havers. Cette plus grande porosité est formée par les 
canaux de Havers (alignés selon l'axe long de l'os) et les canaux de Volkmanns 
(transversaux, reliant les canaux de Havers) contenant des capillaires et des nerfs. Des 
lacunes sont présentes, chacune contenant un ostéocyte. De plus, un réseau de petits 
canaux (canalicules) relie les lacunes et le canal haversien, ce qui permet des 
interactions cellule-cellule et favorise l'échange de nutriments et de métabolites. 
L'os cortical se trouve dans la diaphyse des os longs et sur le pourtour de l'os 
trabéculaire formant l'enveloppe externe des os plats. Cette combinaison de l'os cortical 
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et de l’os trabéculaire forme une structure de type «sandwich», reconnu dans l'ingénierie 
des matériaux pour ses propriétés mécaniques optimales [5]. 
Au niveau ultra structural, le tissu osseux est composé de matrice extracellulaire (MEC) 
osseuse et de cellules osseuses. 
 
 
Figure 3 : Organisation et composition de l'os cortical  [3] 
1.1.2.3. Matrice extracellulaire osseuse 
La MEC osseuse se caractérise par deux phases : une phase minérale inorganique et 
une phase organique composée de protéines. 
1.1.2.3.1. La phase inorganique 
La phase inorganique est principalement composée de phosphate de calcium qui forme 
les cristaux d’hydroxyapatite [HA, Ca10 (PO 4)6(OH)2] d’un maximum de 200 nm de long 
et 20 nm de large. Le carbonate de calcium, le fluorure de calcium et le fluorure de 
magnésium sont présents au sein de cette phase qui sert de réservoir pour l'homéostasie 
des ions (calcium, phosphate…). La MEC inorganique apporte au matériau qu’est l’os 
des propriétés mécaniques importantes. En effet, l’orientation des cristaux d’HA, 
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généralement selon la direction longitudinale dans les os longs, confère à l’os sa rigidité 
et sa résistance aux forces de compression. 
1.1.2.3.2. La phase organique 
La phase organique est principalement composée d’un réseau de collagène de type I 
(environ 90%), la partie restante étant des protéines non collagéniques telles que les 
glycoprotéines, les protéoglycanes et des facteurs de croissance. Le rôle structurel de 
la MEC organique est double : la régulation de la forme de l'os et l’apport de propriétés 
mécaniques telles que la ductilité et la résistance à la fracture. En outre, la MEC 
organique est un réservoir de facteurs de croissance et de cytokines impliqués dans le 
processus de remodelage osseux. 
1.1.2.3.3. Le réseau de collagène 
Les fibres de collagène présentes dans l'os régulent la nucléation et l’orientation spatiale 
des cristaux d’HA. En effet, les trois hélices de collagène sont alignées dans les fibrilles 
de collagène, avec un décalage de 40 nm entre les extrémités de deux sous-unités 
consécutives. Ces espaces créés sont les sites de nucléation pour les cristaux d’HA dont 
la taille et l'orientation sont ainsi contrôlées par la structure et l’organisation des fibrilles 
de collagène[6]. D'autres types de collagènes comme les collagène de type III et V ainsi 
que les collagènes FACIT (Fibril Associated Collagen with Interrupted Triple helixes) 
sont présents en quantités infimes et sont rapportés comme ayant un rôle dans la 
régulation de la fibrillogenèse et dans la modulation du diamètre de fibrille[7,8]. 
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Figure 4 : Ostéon en coupe (adaptée)[9] 
  
Figure 5 Orientation des fibres de collagène dans les lamelles adjacentes des ostéons (adaptée)[9] 
1.1.2.3.4. Les protéines non collagéniques 
Parmi les protéines non collagéniques, environ 10% sont constituées de protéoglycanes 
(PGs) qui résultent de la combinaison d’une protéine et d’un glycosaminoglycane 
(GAG)[10]. Grâce aux propriétés physico-chimiques de leurs GAGs, les PGs forment 
une matrice de type « gel » hautement hydratée dont le rôle principal est de fournir une 
résistance aux contraintes de compressionen agissant comme un amortisseur. D’un 
point de vue biologique les PGs  jouent un rôle important dans la liaison et le stockage 
des facteurs de croissances ainsi que dans la régulation de la fibrillogenèse du 
collagène[11].Les glycoprotéines de la MEC osseuses comprennent la phosphatase 
alcaline (PAL), l'ostéopontine, la sialoprotéine osseuse et l'ostéocalcine, qui sont toutes 
les trois impliquées dans le processus de minéralisation et l'ostéonectine qui l’est dans 
la modulation du diamètre des fibrilles de collagène.La fibronectine, la vitronectine, les 
thrombospondines et les fibrillines qui contiennent les domaines de liaison à l'intégrine 
RGD participent pour leur part à la connexion entre phases inorganique-organique, aux 
interactions cellules-matrices et à la limitation de l’élasticité de la MEC osseuse[12]. 
1.1.3. Les cellules osseuses 
Les cellules présentes dans le tissu osseux proviennent de deux types de cellules 
progénitrices : les cellules souches mésenchymateuses (MSCs) et des cellules souches 
hématopoïétiques (HSCs). Les cellules osseuses interviennent de façon séquentielle 
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fibres de collagène
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central
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Endosteum
Orientation des 
fibres de collagène
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dans les processus de régénération osseuse selon le cycle ARIF (Activation, Résorption, 
Inversion, Formation). 
 
Figure 6 : Différents types de cellules osseuses et leur rôle au sein du cycle  de remodelage osseux (adaptée)[13] 
1.1.3.1. Les ostéoblastes 
Les ostéoblastes sont responsables de la synthèse de la nouvelle MEC osseuse 
participant ainsi à la formation du tissu osseux. Ils proviennent de MSCs situées dans la 
cavité médullaire ou dans le périoste qui une membrane fibreuse couvrant la surface 
externe des os. La différenciation des cellules ostéoprogénitrices en ostéoblastes est 
induite et régulée par des facteurs de croissance de la super famille des facteurs de 
croissance transformant (TGF-β) tels que les protéines morphogéniques osseuses 
(BMPs). L’étape suivante concerne la migration et la prolifération dans un site spécifique 
(Unité Multicellulaires Basique ou BMU) où les ostéoblastes déposent une MEC 
organique riche en collagène de type I (ostéoïde) et induisent ensuite la minéralisation 
de cette matrice[14]. Lorsque les ostéoblastes finissent par déposer une nouvelle 
matrice, trois principaux destins sont possibles : i) ils restent incorporés dans le tissu 
minéralisé nouvellement formé et se transforment en ostéocytes ; ii) ils deviennent des 
cellules bordantes ; iii) ils subissent une apoptose (pour 50 à 70% des cellules). 
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Figure 7 : Cascade de différenciation des ostéoblastes (adaptée)[15] 
1.1.3.2. Les ostéocytes 
Les ostéocytes sont des ostéoblastes quiescents ayant une faible fonction métabolique. 
Ils sont situés dans les lacunes osseuses et reliés entre eux par le biais du réseau de 
canalicules. Le rôle principal des ostéocytes est de réguler le maintien du tissu 
osseux. En effet, ils servent de capteurs de contrainte et de déformations : en réponse 
à des stimuli mécaniques, ils peuvent exprimer des signaux paracrines qui régulent 
l’activité des ostéoblastes actifs et des ostéoclastes, ce qui régit le renouvellement 
osseux[16]. 
1.1.3.3. Les cellules bordantes 
Les cellules bordantes sont des ostéoblastes quiescents avec une morphologie plate qui 
sont localisés à la surface de l’os dans des zones non-actives c'est-à-dire ni en 
formation, ni en résorption[17]. Les cellules bordantes sont interconnectées via des 
Cellules souche 
mésenchymateuse
Ostéoblaste
Ostéocytes
Recrutement
Prolifération
Production de
matrice
Minéralisation
Propriétés matérielles de la
matrice osseuse 
Différenciation
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jonctions lacunaires et communiquent avec d'autres cellules osseuses à travers le 
réseau de canalicules, formant ainsi avec les ostéocytes et les ostéoblastes un 
syncytium responsable de la mécano-sensation. Les cellules bordantes forment 
également une interface entre les vaisseaux sanguin et le tissu osseux qui régule les 
flux (en particulier ioniques). Elles sont pourvues de récepteurs aux facteurs de 
croissance ce qui leur permet d’être stimulées pour proliférer et de se redifférencier en 
ostéoblastes[18]. 
1.1.3.4. Les ostéoclastes 
Les ostéoclastes sont responsables de la résorption des os lors des phases de 
remodelage. Ils dérivent des précurseurs mononucléaires des cellules de la lignée 
monocytaires (ayant pour origine les HSCs). Les cellules stromales de la moelle et les 
ostéoblastes produisent des cytokines, dont l'activateur du récepteur du ligand Kappa-B 
du facteur nucléaire (RANKL, également connu sous le nom de facteur de différenciation 
des ostéoclastes (ODF) et le facteur de stimulation des colonies de macrophages (M-
CSF). Ils entrainent une fusion des cellules de la lignée monocytaire en grandes cellules 
multi-nucléées[19]. La résorption osseuse est obtenue par la sécrétion d’ions H+ par des 
pompes à protons de la membrane. L’environnement acide ainsi créé (pH = 4,5) dans la 
lacune de résorption (lacune de Howship) dissout le composant minéral de la matrice 
tandis que la cathepsine K et d’autres enzymes sont sécrétées afin de dégrader la MEC 
organique. D’un point de vue morphologique les ostéoclastes possèdent une membrane 
cytoplasmique fortement ondulée ce qui augmente considérablement la surface 
cellulaire responsable de la résorption osseuse. 
 
Figure 8 : L'ostéoclastogénèse : régulation, différenciation et activation[20] 
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1.1.4. Le système vasculaire osseux 
La vascularisation osseuse est essentielle pour de nombreux processus, tels que le 
développement et la croissance du squelette, les phases de remodelage osseux et de 
cicatrisation osseuse[21].La vascularisation osseuse se fait par les artères et les veines, 
on retrouve 3 types d’artères : 
• Diaphysaires, qui pénètrent par un trou nourricier puis se ramifient dans le canal 
médullaire. Elles vascularisent la partie interne de l’os compact et la moelle 
jusqu’à la métaphyse. 
• Métaphysaires et épiphysaires, situées à l’extrémité des os, elles irriguent l’os 
spongieux. 
• Périostées, qui sont des ramifications des artère précédemment mentionnées et 
vascularisent la partie externe de l’os compact.  
Les veines doublent les artères et drainent l’os en parcourant sa partie spongieuse. 
Comme pour tout autre organe, le système sanguin apporte oxygène et nutriments. Il 
est également hautement impliqué dans les activités métaboliques et hématopoïétiques 
du tissu osseux. La vascularisation est étroitement liée aux activités de remodelage et 
de réparation osseuse de par la présence des capillaires artériels dans les lacunes de 
résorption et de sinus veineux associés à la néoformation osseuse[22]. Les péricytes 
(ou cellules de Rouget) qui entourent les capillaires ont la particularité d’exprimer les 
marqueurs spécifiques des MSCs. Ce sont des cellules multipotentes avec un potentiel 
de différenciation en cellules adipocytaires, ostéoblastiques et phagocytaires lorsqu’elles 
sont dissociées de leur tissu d’origine. Les péricytes sont donc impliqués dans les 
processus de régénération osseuse. En effets ils sont capables de synthétiser du 
collagène, des protéoglycanes et l’ostéonectine par l’intégration du phosphate de 
calcium afin de participer à la production de MEC osseuse[23]. Lors d’un événement 
provocant une stimulation des processus de formation osseuse, on observe une 
augmentation du nombre de vaisseaux, du débit sanguin et la formation de néo 
vaisseaux. La néovascularisation lors du remodelage ou de l’ostéogénèse va permettre 
le dialogue intercellulaire entre les cellules du tissu osseux et les cellules du tissu 
vasculaire. Cette communication repose, d’une part, sur la sécrétion de facteurs de 
croissance. En effet les cellules endothéliales et ostéoblastiques communiquent par 
l’intermédiaires des facteurs sécrétés, tels que le facteur de croissance de l’endothélium 
vasculaire (VEGF), facteur angiogènique qui à l’origine de cette communication, mais 
également d’autres facteurs de croissance comme les BMPs. Ces facteurs de 
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croissance agissent par effet autocrine ou paracrine. D’autre part, la communication 
entre les cellules ostéoblastiques et endothéliales reposent sur la création de jonctions 
cellulaires. Ces jonctions peuvent être communicantes par l’action des connexines[24], 
adhérentes par l’action des cadhérines[25] ou interagir avec la MEC par l’action des 
intégrines[26].  
 
 
 
Figure 9 : Schéma de représentation de la vascularisation du tissu osseux[27] 
1.1.5. Le remodelage osseux 
La croissance osseuse, le modelage et le remodelage sont des processus qui 
garantissent l'adaptation à la croissance d’un individu, l'intégrité structurale et la 
régulation de l'homéostasie minérale. La croissance osseuse (longitudinale et radiale) 
survient principalement pendant l'enfance et l'adolescence. Le modelage consiste en la 
transformation progressive de l’organisation osseuse en réponse aux forces mécaniques 
appliquées. Le remodelage osseux est le processus continu par lequel le tissu osseux 
est renouvelé pour maintenir son intégrité structurale, sa résistance mécanique et pour 
contrôler l'homéostasie minérale. 
Chez l’adulte, le taux de renouvellement du tissu osseux est en moyenne d'environ 10% 
par an. Ce processus est étroitement régulé par l'action orchestrée de plusieurs types 
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de cellules disposés dans des compartiments temporaires de remodelage osseux 
connus sous le nom d'unités multicellulaires de base ou d'unités métaboliques osseuses 
(BMU). Lorsque le signal de remodelage est initié par les ostéocytes (mécano-senseurs), 
la phase de résorption osseuse réalisée par les ostéoclastes commence et dure environ 
2 à 4 semaines. Ensuite, les ostéoclastes subissent une apoptose, et sont substitués par 
des cellules mononucléaires d’un phénotype encore peu clair (cellules d'inversion) qui 
terminent la phase de résorption et préparent la surface pour le dépôt d’une nouvelle 
matrice[28]. La lacune de résorption est ensuite occupée par les ostéocytes libérés 
depuis la matrice résorbée et par les pré-ostéoblastes différenciés et recrutés pour la 
phase de dépôt de matrice (4 à 6 mois). Ce processus est régulé par des facteurs dérivés 
de la matrice tels que TGF-β, IGF (Insulin-like Growth Factor) et FGF (Fibroblast Growth 
Factor) et par l’effet des sollicitations mécaniques. Les ostéoblastes déposent alors le 
tissus ostéoïde qui sera ensuite minéralisé[28,29]. 
Il existe un équilibre entre ces deux processus d’apposition et de résorption du tissu 
osseux, le déséquilibre entre ces deux processus conduit à des processus pathologiques 
telles que l'ostéoporose caractérisée par une perte de densité osseuse (résorption 
>apposition) et l'ostéopétrose caractérisée par une augmentation de cette densité 
(apposition>résorption)[30].  
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Figure 10 : Représentation schématique du processus de remodelage osseux naturel et cascades de différenciation 
cellulaire (adapté)[31] 
1.1.6. La cicatrisation osseuse 
Le tissu osseux a une capacité intrinsèque à se réparer. Les processus de réparation 
osseuse ne sont pas entièrement compris, mais leur compréhension est la clé de la 
conception et du développement de nouvelles stratégies efficaces pour le traitement des 
lésions osseuses de taille critique (trop importante pour une réparation ad-
integrum). Lors d’une fracture, l'intégrité du squelette est localement perdue et le réseau 
vasculaire osseux est perturbé, entraînant une altération du flux de nutriments et 
d'oxygène, affectant la structure de la moelle. Le processus de régénération tissulaire 
commence ensuite avec trois phases principales: la phase inflammatoire, la phase de 
prolifération (phase d’union) et la phase de remodelage osseux[32]. 
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Figure 11 Processus de cicatrisation osseuse (adaptée)[33] 
1.1.6.1. La phase inflammatoire 
Dans la phase d'inflammation, un caillot de sang (hématome) est formé localement et 
des facteurs de croissance (IGF-I, facteur de croissance dérivé des plaquettes (PDGF)) 
et des cytokines sont libérés pour recruter et réguler l'action des macrophages et des 
précurseurs d'ostéoblastes et de chondroblastes. Ensuite, les cellules immunitaires 
recrutées sécrètent des molécules de signalisation (FGF, TNF-α), des VEGF, des TGF-
β, des interleukine-1 et -6 (IL-1, IL-6). Ces molécules et facteurs stimulent la synthèse 
de MEC ainsi que l'angiogenèse et permettent le recrutement d'autres cellules 
inflammatoires ainsi que des précurseurs de cellules mésenchymateuses (provenant 
principalement du périoste). Celles-ci prolifèrent et se différencient en cellules de lignées 
ostéogéniques et chondrogéniques formant finalement un tissu de granulation transitoire 
(cal de granulation)[34]. 
1.1.6.2. La phase de prolifération (ou phase d’union) 
Dans la phase de prolifération (ou phase d’union), l’ostéogénèse est produite par l'un 
des deux processus d'ossification suivants : l'ossification endochondrale ou l'ossification 
membranaire. Dans l'ossification endochondrale, les chondroblastes déposent un 
calcartilagineux qui relie et stabilise le site de fracture. Ce cal est ensuite calcifié, 
vascularisé et progressivement substitué par de l'os tissé (action des ostéoblastes). Ce 
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tissu provisoire est mécaniquement faible et est caractérisé par une organisation très 
aléatoire des fibres de collagène. Lors de l'ossification membranaire, les os compacts et 
trabéculaires sont directement fabriqués par des ostéoblastes (sans phase intermédiaire 
de dépôt cartilagineux). Ce processus est principalement limité aux régions sous-
periostées (fracture avec déplacement peu marqué des fragments, sans ou avec légère 
rupture du périoste)[35] où le réseau capillaire est resté fonctionnel[34]. 
1.1.6.3. La phase de remodelage 
Enfin, dans la phase de remodelage, le cal provisoire est transformé en un nouveau tissu 
osseux avec une structure lamellaire et une cavité médullaire interne restaurant ainsi les 
propriétés biomécaniques de l'os[35]. Comme lors du processus de remodelage osseux 
des os intacts, la phase de remodelage qui intervient lors de la cicatrisation osseuse est 
basée sur l’action des BMU. Elle consiste en une combinaison de résorption opérée par 
les ostéoclastes et de dépôt de matrice osseuse réalisé par les ostéoblastes. Cette 
phase peut prendre des mois avant d’obtenir l'os entièrement réparé, identique à l’os 
natif[35]. 
Dans le cas d’importantes fractures ou pathologies causant la perte de grandes quantités 
osseuses, le tissu ne peut cicatriser naturellement. Il sera alors nécessaire d’avoir 
recours à des biomatériaux de remplacement ou de comblement et/ou à la réalisation 
de greffes pour restaurer les propriétés mécaniques et/ou biologique de l’organe lésé. 
1.1.7. Les principaux types de lésions osseuses et leurs causes 
pathologiques 
L’objectif de ce chapitre n’étant pas de répertorier la totalité des lésions et pathologies, 
cette section présente les principales affections du tissu osseux sans toutefois être 
exhaustive. 
1.1.7.1. Traumatismes 
Comme il a été décrit précédemment, le tissu osseux présente des propriétés 
structurales qui lui confèrent une résistance aux contraintes mécaniques de par son 
élasticité. Néanmoins, quand les contraintes dépassent les capacités d’amortissement 
de l’os celui-ci peut se fracturer. Les traitements de fractures diffèrent principalement 
selon la gravité de la fracture (avec ou sans déplacement, fermée ou ouverte, stable ou 
instable) allant de la simple contention à l’intervention chirurgicale avec pose de moyens 
internes et/ou externes. 
 16 
1.1.7.2. Fractures de stress 
Les fractures de fatigue ou de « stress » sont principalement rencontrées chez les sujets 
sportifs, sur un os sain où un stress répété ne permet pas aux ostéoblastes de remodeler 
l’os endommagé entrainant ainsi un déséquilibre entre résorption et formation osseuse. 
Bien que dans la majorité des cas le repos et la diminution de la mise en charge de 
l’articulation suffisent à la guérison une chirurgie peut être nécessaire pour les fractures 
de stress graves[36].  
1.1.7.3. Origine Infectieuse 
L’ostéite est une inflammation du tissu osseux, aiguë ou chronique, généralement 
causée par infection bactérienne (mais pouvant également être d’origine traumatique, 
tumorale, iatrogènes)[37]. Le traitement repose sur l’association d’un geste chirurgical 
accompagné d’antibiothérapie. Le geste chirurgical vise à extraire le tissu osseux infecté 
alors que les antibiotiques éradiquent les germes pathogènes. Lorsque la perte osseuse 
est importante, une greffe est réalisée pour compenser la perte.  
1.1.7.4. Tumeurs 
Les métastases sont les tumeurs osseuses les plus fréquentes. Elles correspondent à 
la dissémination de cellules tumorales à distance de la tumeur initiale qui vont coloniser 
le tissu osseux[38]. Les myélomes et d’autres formes de cancers (appelés tumeurs 
ostéolytiques) peuvent entrainer une ostéolyse qui est une destruction du tissu osseux. 
Généralement en association avec d’autres traitements thérapeutiques (chimiothérapie, 
radiothérapie…) un geste chirurgical sera nécessaire. Il s’agit de réaliser une résection 
osseuse afin d’enlever la tumeur en totalité avec des marges appropriées évitant ainsi 
une récidive locale[39]. 
1.1.7.5. Troubles du métabolisme osseux 
L'ostéoporose est une maladie qui se caractérise par une fragilité importante du tissu 
osseux ce qui augmente le risque de fracture[40]. Cette pathologie est la conséquence 
du déséquilibre entre les deux processus du remodelage osseux où les mécanisme de 
résorption prédominent sur l’apposition de nouvelle matrice osseuse[30]. C'est la cause 
principale des fractures osseuses chez les personnes âgées, elles surviennent 
principalement à la hanche, aux vertèbres ou à l’avant bras[41]. 
L’ostéomalacie se caractérise par une décalcification osseuse causée par une 
insuffisance de minéralisation (manque d'ions calcium et phosphate). A un stade avancé, 
cette pathologie entraine l’apparition de microfissures généralement localisées sur les 
vertèbres, les hanches et le bassin ainsi que des fractures osseuses spontanées.  
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1.1.7.6. Autres types de pertes osseuses physiologiques 
Les contraintes mécaniques stimulent l'ostéo-formation. En leur absence comme lors de 
la perte de dents, une résorption osseuse est observée. En effet, à la suite de la perte 
d’une dent ou d’une extraction une perte d’un tiers du volume de la paroi vestibulaire 
osseuse a été identifiée[42]. Afin d’offrir un capital osseux suffisant et une zone 
d’ancrage solide pour la pose d’un implant le chirurgien aura recours à des techniques 
de comblement osseux : l’augmentation par greffe osseuse ou la régénération osseuse 
guidée[43].  
1.1.8. Stratégies cliniques de thérapies et comblements osseux 
Il a été vu précédemment que le tissu osseux possède une capacité de cicatrisation 
naturelle dans le cas de lésion de faible volume. Lors d’un traumatisme, d’une pathologie 
ou d’un acte chirurgical où la perte de substance osseuse est trop importante la mise en 
place d’une stratégie de comblement ou d’aide à la cicatrisation osseuse est nécessaire. 
Les stratégies cliniques appliquées au tissu osseux sont fonction du type de lésion, de 
leur origine, du site concerné et de leur gravité. Du fait des propriétés mécaniques des 
hydrogels, nous traiterons dans les parties suivantes des stratégies cliniques employées 
en site osseux où les mises en charges sont faibles ou en complément de matériaux 
d’union ou de stabilisation mécanique. 
1.1.8.1. Les autogreffes 
L'autogreffe est considérée comme le traitement de référence en application clinique[44]. 
Cette technique est définie comme la transplantation d’un tissu d’un site à un autre chez 
un même individu. Il s’agit de prélever chez le patient son propre tissu osseux sur un site 
donneur puis de le placer sur le site receveur. Le prélèvement et la greffe sont réalisés 
lors de la même intervention chirurgicale. Il  sera généralement effectué sur la crête 
iliaque, plus rarement le tibia ou le sternum[45].Les greffes osseuses réalisées à partir 
d’autogreffes offrent un taux de succès élevé car elles sont essentiellement constituées 
de tissus vivants composés de cellules intactes et s’affranchissent du risque de réaction 
immunitaire. De plus les prélèvements d’os cortical contenant le pédicule vasculaire 
permettent d’accélérer le processus de consolidation de la greffe[46]. Cette technique 
présente cependant certaines limites. Elles sont dues à la quantité limitée de tissu 
osseux pouvant être prélevé chez un patient ainsi qu’à la morbidité inhérente au second 
site chirurgical. De plus cette technique sera à proscrire chez les patients présentant des 
pathologies osseuses comme par exemple l’ostéoporose. 
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1.1.8.2. Les allogreffes 
L’allogreffe peut être une alternative à l’autogreffe dans certains cas, par exemple lors 
de pertes très importantes de substances osseuses ou chez les patients âgés présentant 
un faible capital osseux[47]. Comme pour l’autogreffe, les allogreffes osseuses 
proviennent de tissus humains à la différence qu’ils sont issus d’un autre individu 
(receveur et donneur différents). La source du greffon sera le prélèvement sur des 
cadavres qui ont fait don de leurs organes ou plus généralement des déchets 
chirurgicaux. En effet les banques de tissus osseux peuvent fournir des allogreffes 
provenant de résections osseuses réalisées lors d’arthroplasties totales de hanches 
dans le cas où le patient répond à un certain nombre de critères stricts[48].Il existe trois 
types d’allogreffes osseuses disponibles : le tissu osseux frais ou congelé, l’allogreffe 
osseuse lyophilisée, l’allogreffe lyophilisée déminéralisée[49]. Malgré la bonne 
disponibilité des allogreffes, celles-ci présentent des limites. Les allogreffes fraîches 
présentent une faible ostéogénicité et un potentiel immunogène très élevé. Celles 
traitées par congélation, lyphylisation ou irradiation présentent un risque de 
contamination bactérienne et virale (hépatite, HIV). D’autre part leur résorption est 
parfois trop lente. Bien qu’elles proviennent essentiellement de déchets chirurgicaux leur 
coût reste très élevé (sérologies, quarantaine et stockage à -80°C). De plus, les 
méthodes de préparation et conservations peuvent altérer les propriétés biomécaniques 
des allogreffes[50,51]. 
1.1.8.3. Les xénogreffes 
Les xénogreffes sont des greffes osseuses provenant d'une espèce différente de celle 
du receveur, telles que les xénogreffes d’origine bovines utilisées comme matrice 
calcifiée implantée chez l’Homme[49]. Il existe différentes xénogreffes commercialisées 
d’origine bovine (Pyrost®, Cerabone®, BioOss®, Ostéovit®, Laddec/Lubboc®), équine 
(Equimatrix®) ou porcine (Osteobiol®). Différents traitements sont nécessaires à la 
préparation de ces greffes osseuses : pyrolysation, décalcification, déprotéination, 
délipidation[51]. Ces traitements vont altérer les protéines matricielles et/ou modifier 
l’état de surface ce qui aura un impact néfaste sur les mécanismes d’adhérence, de 
prolifération et de différenciation cellulaire[52]. 
1.2. Stratégies alternatives aux techniques actuelles : L’ingénierie 
tissulaire 
Compte tenu des limitations que présentent les techniques précédemment mentionnées 
telles que décrites dans le tableau suivant, les chercheurs travaillent sur des alternatives 
prometteuses comme l’ingénierie tissulaire  
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Tableau 1 : Stratégies cliniques actuelles et principales limitations 
Limitations Autogreffe Allogreffe Xénogreffe 
Adaptabilité du greffon à la 
géométrie de la lésion 
osseuse 
+/- +/- +/- 
Caractère de l’intervention 
chirurgicale[53,54] Très invasif Invasif Invasif 
Morbidité du site 
donneur[55,56] Risque très important - - 
Risque de transmission de 
maladies[54,57] Faible Élevé Élevé 
Propriétés mécaniques et 
biologiques[58–60] Bonnes Moyennes Faibles 
Coût économique Faible Très important Important 
Disponibilité Faible Bonne  Très bone 
 
1.2.1. L’ingénierie tissulaire 
L’ingénierie tissulaire représente un domaine de recherche où des progrès 
encourageants ont été réalisés ces dernières décennies. Les techniques d’ingénierie 
tissulaire reposent sur le principe de la restauration de la fonction anatomique / 
physiologique / biomécanique ou du remplacement des tissus endommagés ou 
pathologiques grâce à l’application des principes de biologie et d’ingénierie[61]. 
La première application mondiale du génie tissulaire est une transplantation d’épiderme 
sur un grand brûlé réalisée par l’équipe de Howard Green, à Boston en 1983[62,63]. Le 
traitement consistait à prélever une petite superficie de peau saine, à la cultiver in vitro 
et à la greffer par la suite sur le même patient. Depuis plusieurs années, les grands 
brûlés peuvent être soignés de cette façon, mais la technique doit être améliorée afin de 
fabriquer un tissu qui réunirait toutes les caractéristiques de la peau d’origine. En plus 
du domaine cutané, les chercheurs veulent étendre cette thérapie par ingénierie 
tissulaire à d’autres domaines : 
• Orthopédique, avec le remplacement ou la réparation du cartilage, du tissu 
osseux ou encore des ligaments ; 
• Vasculaire, avec la reproduction des trois couches distinctes des vaisseaux 
sanguins ; 
• Pneumologique, avec la reproduction des structures bronchiques à des fins 
expérimentales ; 
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• Ophtalmologique, avec la reconstruction de cornée humaine ; 
• La Construction de néo-organes comme le cœur, le foie ou encore la vessie 
La finalité de l’ingénierie tissulaire est essentiellement clinique, mais également 
expérimentale, intéressant les chercheurs qui travaillent dans les domaines de la 
physiologie, de la pathologie et de la pharmacologie. Les organes créés grâce à cette 
technique sont proches des tissus d’origine et permettent ainsi de tester des produits 
sans risque pour les humains[64]. 
1.2.2. L’ingénierie tissulaire osseuse 
Cette stratégie appliquée au tissu osseux est appelée l’ingénierie tissulaire osseuse. En 
réponse au besoin urgent d’offrir de nouveaux traitements à la reconstruction des lésions 
osseuses, l’ingénierie tissulaire osseuse propose une approche prometteuse pour 
régénérer efficacement l’os et contourner les limitations associées aux traitements 
conventionnels[65]. Les principales applications ayant illustré son utilisation 
comprennent le comblement de pertes osseuses, le comblement de lacunes dans la 
fusion spinale et la stabilisation de fractures vertébrales par compression[66–68].  
Les stratégies pour l’ingénierie tissulaire osseuse ont continuellement évolué depuis les 
30 dernières années et l’apparition du concept d’«ingénierie tissulaire» en 1987[69]. Les 
avancées faites depuis les dernières décennies dans les domaines des biomatériaux, 
des cellules souches, de la biologie du développement et leur convergence vers les 
sciences du génie tissulaire ont permis de grandes avancées.  
L’ingénierie tissulaire osseuse exige un travail collaboratif des scientifiques, des 
ingénieurs et des chirurgiens pour atteindre cet objectif ultime consistant à créer des 
greffes osseuses qui permettent de s’affranchir des limites des traitements actuels. Les 
techniques d’ingénierie osseuses appliquées au tissu osseux font appel à plusieurs 
acteurs : (1) un échafaudage biocompatible qui imite les niches de la matrice 
extracellulaire des os naturels, (2) des cellules ostéogéniques qui synthétisent et 
déposent la matrice osseuse, (3) des signaux morphogéniques qui participent au 
recrutement et à la différenciation cellulaire vers le phénotypesouhaitable[70]. Les 
stratégies d’ingénierie tissulaire pourront être divisées en trois catégories : la 
combinaison de (1) et (2), la combinaison de (1) et (3), la combinaison de (1), (2) et (3). 
Ces stratégies sont explicitées ci-après.  
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1.2.2.1. Stratégie échafaudage-cellules 
Cette stratégie repose sur l’apport de cellules exogènes ensemencées au sein d’un 
échafaudage qui sera implanté sur le site lésé. L’objectif est d’apporter dans une zone 
anatomique définie des cellules pluripotentes ou prédifférenciées en cellules 
ostéogéniques. Après avoir été prélevées, isolées et amplifiées les cellules sont 
ensemencées au sein de l’échafaudage. Cette construction pourra être implantée 
immédiatement après sa formation ou après mise en culture, généralement dans un 
bioréacteur, afin de pré-différencier les cellules présentes au sein du matériau 
d’échafaudage en cellules de la lignée ostéogénique[71]. Les matériaux sélectionnés 
afin de concevoir les échafaudages devront par leurs propriétés permettre l’adhésion, la 
survie et la différenciation cellulaire. Lorsque ce complexe échafaudage-cellule est 
implanté, les cellules participeront aux processus de régénération osseuse, notamment 
en synthétisant une nouvelle matrice osseuse alors que le matériau échafaudage se 
dégradera pour laisser place au tissu osseux nouvellement formé[72]. 
 
Figure 12 : Stratégie Echafaudage - Cellules souches exogènes 
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1.2.2.2. Stratégie de libération de molécules par l’échafaudage 
Cette seconde stratégie a pour objectif d’apporter à la zone lésée des molécules de 
signalisation qui stimulent les processus de régénération osseuse par les cellules de 
l’hôte présentes au voisinage de la lésion. La libération de ces molécules (facteur de 
croissance par exemple) au sein du site lésé doit être parfaitement contrôlée et optimisée 
afin de promouvoir la formation d’un tissu osseux sain et éviter les complications comme 
la formation osseuse ectopique. 
 
Figure 13 : Stratégie Échafaudage - Molécules bioactives 
Dans ce contexte, la stratégie consiste à lier chimiquement ou à encapsuler 
physiquement les molécules au sein du matériau d’échafaudage. Ainsi les molécules 
libérées par l’échafaudage exerceront leur rôle au sein du site lésé en favorisant le 
recrutement et la différenciation cellulaire pour la formation d’une nouvelle matrice 
osseuse[73].   
 
Figure 14 : Stratégies de liaison chimique ou d'encapsulation physique des molécules bioactives au sein de 
l'échafaudage (adaptée)[73] 
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1.2.2.3. Stratégie échafaudage-cellule-signaux morphogéniques 
La troisième stratégie consiste à associer les trois composantes mentionnées 
précédemment. L’échafaudage devra donc présenter à la fois des cellules exogènes et 
des molécules de signalisation comme par exemples des facteurs de croissance. Les 
molécules libérées pourront stimuler les cellules exogènes ensemencées au sein de 
l’échafaudage et les cellules de l’hôte, de façon à coordonner le processus de 
régénération osseuse.  
 
Figure 15 : Stratégie échafaudage-cellule-signaux morphogéniques 
Les prochaines parties (La source cellulaire en ingénierie tissulaire osseuse ; La matrice 
d’échafaudage en ingénierie tissulaire osseuse ; Le rôle des facteurs de croissance en 
ingénierie tissulaire osseuse) seront à but introductif puisque ces thèmes sont plus 
largement abordés dans le chapitre 3 « Cellularizing hydrogel-based scaffolds to repair 
bone tissue: How to create a physiologically-relevant micro-environment? » 
1.2.2.4. La source cellulaire en ingénierie tissulaire osseuse 
L’ingénierie tissulaire comme la médecine régénératrice sont des sciences 
multidisciplinaires qui ont évolué en parallèle avec les récentes avancées 
biotechnologiques. 
Malgré ces progrès, la disponibilité de cellules souches reste un défi pour les 
scientifiques et les cliniciens. Les cellules sont responsables de la synthèse et de la 
stabilisation  à long terme de la MEC, cette dernière étant importante pour générer un 
nouveau tissu[74]. L’interaction matrice/cellule, l’adhésion et la prolifération des cellules 
ainsi que la production de la MEC sont des critères importants pour réussir à former un 
tissu[75]. 
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Idéalement, une cellule souche pour des applications en ingénierie tissulaire doit 
répondre aux critères suivants : 
• Être disponible en quantité suffisante 
• Être isolée à partir d’une procédure peu invasive 
• Être différenciée de manière contrôlée et reproductible 
• Être transplantée en toute sécurité et efficacement au sein de la lésion 
• Être produite dans le respect des directives de bonnes pratiques de laboratoire 
1.2.2.5. La matrice d’échafaudage à base d’hydrogel en ingénierie 
tissulaire osseuse 
Parmi les biomatériaux les plus utilisés en ingénierie du tissu osseux, seront cités les 
matériaux macroporeux à base de phosphate de calcium, les polymères synthétiques, 
naturels et/ou composites [76] qui donnent des résultats très prometteurs sur la 
différenciation des cellules souches, surtout dans des conditions dynamiques de 
culture[77]. 
La reconstruction de lésions osseuses est un important enjeu en clinique, en particulier 
dans la région cranio-faciale à la suite de malformations congénitales, de traumatismes, 
d’accidents ou de maladies. Il serait idéal d’accéder à ces sites lésés en utilisant des 
techniques mini-invasives qui laisseraient des cicatrices minimes et réduiraient au 
minimum l'inconfort du patient. C’est dans ce contexte que l'ingénierie tissulaire utilisant 
les hydrogels peut offrir une approche intéressante pour l’administration peu invasive, 
l'intégration avec le tissu hôte et la régénération osseuse[78]. 
Les hydrogels ont déjà trouvé de nombreuses applications pour les systèmes à libération 
contrôlée de médicaments et facteurs de croissance[79,80] et sont généralement 
biocompatibles, car ils ont une similarité structurale avec les macromolécules du corps 
humain[81]. Ils ont également été utilisés pour des applications en ingénierie tissulaire, 
car ils sont un bon support à l’injection de cellules ou de molécules bioactives et leur 
administration est peu invasive[82,83]. Cette forme d’administration d’un produit 
d’ingénierie tissulaire peut diminuer la douleur ressentie par le patient, le coût et la 
complexité d’une intervention chirurgicale de routine. 
Une grande variété d’hydrogel, matériaux fortement hydratés (teneur en eau ≥ 30%)[84] 
peuvent être employés comme supports pour l’ingénierie tissulaire. Ils peuvent être 
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d’origine synthétique ou naturelle, leurs propriétés et leur intégrité dépendront, en plus 
de leur composition, des interactions chimiques ou physiques qui maintiennent leur 
structure. Les hydrogels, comme tout matériau destiné à être implanté chez l’Homme 
doit répondre à un cahier des charges précis et donc présenter plusieurs propriétés[85] : 
• Biocompatibilité : est la capacité des matériaux à ne pas interférer, ne pas 
dégrader, le milieu biologique dans lequel ils sont utilisés[85]. 
• Non-cytoxicité : La dégradation du matériau ne doit pas conduire à la libération 
de substances cytotoxiques[86]. 
Les matériaux destinés à la régénération des tissus osseux doivent répondre à un cahier 
des charges adaptés aux propriétés de celui-ci. Ainsi il devra également favoriser : 
• L’ostéoinduction : le matériau est capable de promouvoir l’ostéogenèse au sein 
de la matrice implanté, en stimulant les cellules associées vers une 
différenciation en cellules osseuses (préostéoblastes, ostéoblastes)[87]. 
• L’ostéoconduction : le matériau doit être apte à servir de support à la formation 
d’os natif autour de l’implant, de façon à assurer une continuïté structurale et 
fonctionnelle entre l’implant et l’os natif [87]. 
• L’ostéogénicité : le matériau à la capacité de contenir des cellules ostéogéniques 
qui survivront lors de son implantation, l’ostéogenèse sera donc induite par les 
cellules qu’apporte ou recrute le matériau[88,89]. 
1.2.2.6. Le rôle des facteurs de croissance en ingénierie tissulaire osseuse 
Les facteurs de croissance sont des protéines sécrétées par les cellules et qui 
fonctionnent comme des molécules de signalisation. Ces substances protéiniques, 
également appelés premiers messagers, ont un effet autocrine (effet sur la cellule 
sécrétrice), paracrine (effet dans le voisinage de la cellule sécrétrice) ou endocrine 
(sécrétion dans le système sanguin) sur une cellule cible donnée. En plus de favoriser 
la différenciation cellulaire, ils ont un effet direct sur l'adhésion, la prolifération et la 
migration cellulaire en modulant la synthèse des autres facteurs de croissance et des 
récepteurs cellulaires[90].Depuis de nombreuses années, une attention toute 
particulière est portée sur le rôle des protéines morphogéniques osseuses (BMPs) et 
leur rôle dans la formation osseuse embryologique ainsi que dans les processus de 
réparation osseuse[90,91]. Les BMPs sont un groupe de glycoprotéines non-
collagéniques qui appartiennent à la superfamille des TGF-β. Les BMPs sont 
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synthétisées localement et exercent leurs effets principalement par des effets autocrines 
et paracrines. À ce jour plus de 15 BMPs différentes ont été mises en évidence, les plus 
étudiées sont la BMP-2, la BMP-3 et la BMP-7[92] du fait de leur rôle important dans la 
régénération osseuse par stimulation de la différenciation des MSCs vers les lignées 
ostéogéniques.   
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2.  Approche et objectifs 
Le défi que doit relever l’ingénierie du tissu osseux est de proposer une alternative 
pertinente aux solutions cliniques actuelles dont nous avons décrit les limites. 
Cependant, comme le montrent les sections précédentes, la complexité du tissu osseux 
requiert la prise en charge de nombreux paramètres dans le développement de 
nouvelles stratégies de comblement et réparation du tissu osseux. Dans la mise en place 
de ces stratégies basées sur le génie tissulaire de nombreux défis persistent, notamment 
dans le développement des matériaux d’échafaudage et des stratégies d’apport 
cellulaire et de libération de molécules bioactive au sein du site osseux lésé. Comme 
décrit précédemment, les stratégies de régénération tissulaire sont souvent divisées en 
3 catégories. Au cours de nous travaux nos développeront des stratégies basées sur 
l’apport de cellules souches exogènes puis sur la libération de protéines via des matrices 
d’hydrogels. 
2.1. Les éléments constitutifs des stratégies d’ingénierie tissulaire 
osseuse 
2.1.1. Les cellules souches issues du tissu adipeux (hASCs) 
Les cellules souches dérivées du tissu adipeux humain (hASCs) ont la capacité de se  
différencier dans plusieurs types cellulaires[93] : adipocytes[94], ostéoblastes[95,96], 
chondroblastes[97,98], myoblastes[99], fibroblastes[100] et neuroblastes[101]. 
Le tissu adipeux représente une source de cellules autologue idéale pour des stratégies 
d’ingénierie tissulaire en raison de la bonne accessibilité de ce tissu.  En effet, le tissu 
adipeux est particulièrement facile à obtenir en grandes quantités en utilisant les 
techniques de liposuccion ou de résection abdominale. Le tissu adipeux représente 
environ 10 % du poids corporel chez un individu adulte sain et jusqu’à 50% chez des 
patients obèses. 
Les hASCs ont un potentiel prolifératif supérieur aux cellules souches isolées à partir de 
la moelle osseuse. Un seul gramme de tissu adipeux humain peut fournir plus de 50000 
cellules souches adultes pluripotentes suite à leur extraction[102]. Toute personne peut 
donc disposer de ses propres cellules souches pour une autogreffe réparatrice, exempte 
de rejet. Et chacun pourrait les proposer, pour une allogreffe, à un patient qui serait 
porteur d’un défaut génétique interdisant l’autogreffe. 
En plus des capacités de reconstruction des tissus mous, les hASCs offrent un potentiel 
de réparation des tissus durs comme le cartilage ou l’os. Dans des conditions de culture 
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ostéogéniques, il a été montré que les hASCs peuvent exprimer des gènes et des 
protéines propres au phénotype ostéoblastique comme la phosphatase alcaline, 
l’ostéopontine et l’ostéocalcine[103]. La différenciation ostéogénique sera caractérisée 
par le changement de morphologie cellulaire vers la morphologie ostéoblastiques 
(cellules cubiques) et le dépôt d’une matrice extracellulaire composée principalement de 
collagène de type 1 qui sera rapidement minéralisée. Dans les conditions d’étude in vivo 
il a été montré que l’utilisation d’un échafaudage de soutien approprié ensemencé 
d’hASCs permet la formation de tissu osseux notamment dans des modèles 
d'ostéoformation ectopique murins[104].  
2.1.2. Les hydrogels de collagène 
Le collagène est le principal composant conférant aux tissus conjonctifs, tels que les os, 
les dents, les cartilages, les tendons, les ligaments et les matrices fibreuses de la peau 
et des vaisseaux sanguins, leur résistance et leur géométrie[105]. Il s’agit de la protéine 
la plus abondante dans les tissus des mammifères, en effet il représente environ 25 % 
de la totalité des protéines. De plus, le collagène constitue la majeure partie organique 
non minéralisée du tissu osseux. Dans certains types de collagène, la molécule entière 
est une triple hélice alors que dans d’autres types seule une portion est formée d’une 
triple hélice. Le collagène mature de type I est formé d’environ 1000 acides aminés et 
possède cette structure en triple hélice[106]. Le collagène est un polymère naturel 
largement utilisé dans le domaine de l’ingénierie tissulaire en raison de ses excellentes 
propriétés biologiques[107]. Les applications biomédicales du collagène sont très 
nombreuses. Il est utilisé en tant que matrice de support pour la culture cellulaire, de 
matériau pour certain fils de suture[108] ou d’agent hémostatique[109]. Le collagène est 
également utilisé pour la conception de systèmes à libération contrôlée de 
médicaments[110] ou de protéines[111]. Les éponges de collagène sont aussi utilisées 
pour soigner les brûlures et autres blessures[112]. Il s’agit également d’un support étudié 
pour la régénération des tissus épidermiques, osseux, vasculaires et des valves 
cardiaques. Peu de cas de complications ont été enregistrés lors de l’utilisation clinique 
de dispositifs à base de collagène[113]. 
Le collagène possède de très faibles propriétés antigéniques et immunogéniques[114]. 
Les éventuelles réponses immunitaires pouvant survenir lors de l’utilisation de produits 
contenant du collagène sont essentiellement dues à des composés présents autres que 
le collagène, tel que des impuretés, ou des traces d’agents de réticulation non 
éliminés[114].  
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Selon un protocole établi et publié par le Professeur Mantovani et son équipe de 
recherche, le collagène de type I est extrait de tendons de queues de rats et stocké selon 
un protocole élaboré au sein du laboratoire[115]. Les fibres de collagène ainsi obtenues 
sont solubilisées dans de l’acide acétique. Cette solution est congelée puis lyophilisée 
afin d’obtenir des éponges de collagène qui peuvent être conservées à -80 °C. Afin de 
réaliser nos expériences, les éponges sont dissoutes dans de l’acide acétique de sorte 
à obtenir une solution homogène et légèrement visqueuse de collagène à une 
concentration finale de 4 g/L. 
Avec cette solution, un gel de collagène peut ensuite être réalisé, avec ou sans cellule. 
La gélification du collagène s’effectue à un pH physiologique. Le protocole utilisé amène 
progressivement la solution de collagène à un pH neutre par l’ajout de tampon et de 
milieu de culture cellulaire complet qui apporte les nutriments nécessaires à la viabilité 
des cellules ensemencées. Il constitue alors un environnement idéal pour la croissance 
des cellules souches issues du tissu adipeux[116]. 
Le collagène présente donc des avantages majeurs : il est biodégradable, biocompatible, 
non immunogène et facilement disponible[117]. Il est également choisi en tant que 
support pour les cellules souches pour la régénération tissulaire de par ses excellentes 
propriétés biologiques. Le collagène favorise l’adhésion et la prolifération des cellules, 
par interaction entre le site RGD de la protéine et les intégrines des membranes 
cellulaires[118,119]. Cependant les hydrogels de collagène souffrent de leurs propriétés 
mécaniques faibles, qui entrainent notamment sa compaction (perte de volume) lorsqu’il 
est support à la croissance des cellules souches issues du tissu adipeux (hASCs). Il 
semble donc pertinent d’associer les hydrogels de collagène a un hydrogel offrant des 
propriétés mécaniques limitant la perte de volume et la dégradation trop rapide du 
matériau lors de son implantation.  
2.1.3. L’hydrogel de GNF (Glycosyl Nucléoside Fluoré) 
Le Glycosil-Nucléoside-Fluoré (GNF), amphiphile, est une nouvelle classe de molécules 
gélatrices de faible poids moléculaire possédant un sucre, un nucléoside et des lipides 
liés de façon covalente par des ponts triazoles. Cette famille est composée de deux 
catégories principales : les Glycosyl-Nucléo-Lipides (GNLs) qui possèdent une ou deux 
chaines lipidiques[120] et le GNF à chaines fluorocarbonées, fortement 
hydrophobes[121]. Le GNF utilisé au cours de nos travaux est constitué de trois 
groupements : une chaine fluorocarbonée, un groupement thymidine central et un 
fragment d’hydrate de carbone, la chaine fluorée et l’hydrate de carbone sont tous deux 
liés à la thymidine centrale. 
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Figure 16 : formule développée du GNF. La chaine fluorocarbonée et le sucre sont liés à une thymidine par  des 
groupements propargyle d'après[121] 
Après avoir été solubilisés dans une solution tampon aqueuse à haute température (65 
°C) ces composés s’auto-assemblent en structures supramoléculaires hautement 
organisées formant des hydrogels à la température physiologique. Une augmentation de 
la température induit une fusion du gel, alors qu’un retour à température physiologique 
entrainera une nouvelle gélification, on parlera donc d’hydrogel réversible, 
thermosensible. 
 
Figure 17 : Transition du GNF de l’état liquide (a) à l’état de gel (b) 
De précédentes études ont décrit certaines propriétés de ce nouvel hydrogel. Ce gel se 
forme en 25 minutes par auto assemblage des monomères lorsque la température 
diminue, aucun agent de réticulation chimique n’est donc nécessaire. Cela limite le 
risque de toxicité dû à l’utilisation de molécules potentiellement nocives. La gélification 
se produit lentement, ce qui permet le mélange des cellules à 37°C avant que le gel ne 
soit formé. 
Ce mécanisme de gélification propose également la possibilité d'injecter la solution GNF 
à l’état visqueux et de former un gel in situ. À la suite de son implantation, une réaction 
inflammatoire chronique très modérée a été observée ainsi que la vascularisation et la 
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colonisation de l’hydrogel par les cellules de l’hôte ce qui suggère une bonne intégration 
à l’environnement d’implantation. Les hydrogels à base de GNF présentent une cinétique 
de dégradation relativement lente (deux mois), que ce soit in vitro ou in vivo. Cette lente 
cinétique est compatible avec les exigences de l'ingénierie tissulaire osseuse dans 
lesquelles la dégradation de l'hydrogel doit être couplée à son remplacement progressif 
par du tissu nouvellement formé[122]. 
Cependant, cet hydrogel ne permet pas l’adhésion des hASCs lorsqu’elles sont 
dispersées au sein de celui-ci. Or il a été montré que les ostéoblastes doivent adhérer 
pour se développer et produire de la matrice extracellulaire osseuse. Une précédente 
étude démontre que des agrégats d’hASCs se développent et se différencient 
normalement lorsqu’ils sont ensemencés dans le gel à base de GNF.  
Lorsque les cellules sont ensemencées en agrégats dans l’hydrogel puis implantés chez 
la souris, ces agrégats de cellules présents dans le gel survivent pendant plusieurs 
semaines. De plus, cet hydrogel stimule la différenciation ostéoblastique des hASCs 
organisés en agrégats, en l'absence de facteur ostéogénique[123]. 
Ce gel ne libère pas de composés qui seraient toxiques pour les hASCs. De faibles 
concentrations de GNF solubilisées dans des milieux de culture cellulaire n’entrainent 
pas d'effets cytotoxiques. Ainsi les hydrogels à base de GNF sont cytocompatibles[121]. 
Cette étude révèle de nombreuses propriétés intéressantes offertes par ce biomatériau 
biocompatible, injectable, biodégradable et qui se montre ostéoinducteur en l’absence 
de facteur de différenciation, dans certaines configurations. Ces propriétés en font un 
nouveau type d'hydrogel susceptible de convenir pour des applications en ingénierie 
tissulaire osseuse. 
Une nouvelle approche consiste à ajouter à cet hydrogel une matrice permettant 
l’adhésion et la croissance des cellules. Cette matrice peut être faite d’hydrogel de 
collagène, reconnue pour ses propriétés favorables à la culture cellulaire en trois 
dimensions[107] pouvant offrir aux intégrines des cellules des sites d’ancrage afin de se 
lier au matériau pour fournir un microenvironnement adéquat à la survie et la 
différenciation cellulaire[124]. 
2.1.4. La protéine de morphogénèse osseuse BMP-2 
La protéine de morphogénèse osseuse BMP-2 a été initialement identifiée comme une 
protéine qui induit la formation osseuse ectopique lorsqu’elle est implantée dans le tissu 
musculaire [125]. La BMP2 est un puissant inducteur de la différenciation de divers types 
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cellulaires en ostéoblastes et de la formation osseuse. En effet, elle est impliquée dans 
l'engagement des cellules souches multipotentes vers la lignée ostéoblastique[126]. 
Plusieurs études ont démontré que la BMP2 induit ou favorise l'expression des 
marqueurs de différenciation des ostéoblastes tels que la phosphatase alcaline (ALP), 
la présence de collagène de type I et d'ostéocalcine dans diverses cellules[127]. La 
BMP-2 est utilisée en routine clinique dans le traitement de certaines pathologies 
osseuses, son utilisation est approuvée par la FDA depuis 2002. Pour nos 
expérimentations, de la BMP-2 recombinante humaine dérivée de la bactérie 
Escherichia Coli a été utilisée. 
2.2. Les stratégies de conception et développement des produits 
d’ingénierie osseuse 
L’objectif de ces travaux de thèse est de concevoir, développer et étudier de nouveaux 
produits pour le comblement et la régénération du tissu osseux à partir d’hydrogels. Pour 
y parvenir deux stratégies seront mises en place. Premièrement en développant une 
matrice d’échafaudage composite qui est formée de deux hydrogels pour la libération de 
cellules souches par injection sur site. La deuxième stratégie est de proposer un système 
de libération prolongée de facteurs de croissance favorisant le recrutement et la 
différenciation cellules ayant la capacité de promouvoir la réparation osseuse sur des 
modèles de lésion osseuse de taille critique chez la souris.  
Ce travail de thèse s’intègre dans la continuité des travaux réalisés au laboratoire Biotis 
qui ont permis le développement d’hydrogels physique thermosensibles pour l’ingénierie 
tissulaire osseuse ainsi que les travaux du LBB portant sur l’extraction du collagène pour 
la fabrication d’hydrogel aux excellentes propriétés biologiques pour l’ingénierie 
tissulaire.  
Dans ce contexte, les travaux de thèses s’articuleront autour de trois chapitres 
principaux : 
 
1. La création de microenvironnement aux propriétés physiologiques adéquates pour 
la régénération du tissu osseux à partir d’hydrogels. Ce chapitre est présenté sous 
forme d’une revue de la littérature. 
2. Le développement et l’étude d’un nouvel hydrogel composite qui combine les 
propriétés biologiques du collagène et les propriétés mécaniques d’un échafaudage 
supra moléculaire pour l’injection de cellules souches. Ce chapitre concerne la 
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conception et la caractérisation d’un hydrogel composite, l’étude des propriétés de 
ce matériau est réalisée in vitro puis in vivo en site sous cutané chez le petit animal. 
3. Le développement et l’étude d’un système à libération prolongée de facteurs de 
croissance (BMP-2) à partir d’un hydrogel. Après avoir réalisé la conception d’un 
système à libération prolongée de BMP-2 à partir d’un hydrogel de GNF celui-ci sera 
étudié in vitro et in vivo en site de lésion osseuse chez la souris. 
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3. Cellularizing hydrogel-based scaffolds to repair 
bone tissue: How to create a physiologically-
relevant microenvironment?  
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3.1. Résumé  
L’ingénierie tissulaire est une alternative prometteuse aux autogreffes ou aux allogreffes 
pour la régénération des lésions osseuses de taille critique. De nombreux biomatériaux 
présentant différents degrés de sophistication peuvent être utilisés sans l’apport de 
cellules exogènes dans le cas de plusieurs indications thérapeutiques pour stimuler les 
processus de régénération osseuse par le tissus hôte. Cependant, lorsque les 
ostéoprogéniteurs ne sont pas disponibles au sein du tissus hôte, il est nécessaire de 
fournir des cellules exogènes ayant la capacité de se différencier en cellules osseuses. 
Ces cellules doivent coloniser la lésion osseuse et participer à la formation du nouveau 
tissu osseux. Pour y parvenir, les cellules doivent survivre, rester localisées au sein de 
la lésion, proliférer et se différencier en ostéoblastes matures. Un défi à relever concerne 
l’alimentation en oxygène et en nutriments des cellules greffées. En effet, l’absence 
transitoire de vascularisation lors de l’implantation est une menace à la survie des 
cellules au sein de la zone d’implantation. Ainsi, plusieurs stratégies peuvent être mises 
en place pour améliorer la survie cellulaire malgré la faible quantité d’oxygène et de 
nutriments, et développer rapidement un réseau vasculaire au sein de la zone lésée. 
Ces stratégies impliquent d’utiliser des échafaudages conçus pour créer un 
microenvironnement adapté pour que les cellules survivent, prolifèrent et se différencient 
in vitro et in vivo. Les hydrogels sont une classe de biomatériaux qui peuvent, de par 
leurs propriétés, être facilement être ensemencées de cellules et être implanté pour 
combler les lésions osseuses afin de favoriser la régénération des tissus osseux. En 
jouant sur leur composition et les techniques de préparation, il est possible d’obtenir des 
systèmes biocompatibles dotés de propriétés chimiques, biologiques et mécaniques 
offrant des approches prometteuse pour une utilisation en ingénierie tissulaire osseuse. 
Cependant, seule une bonne combinaison de l’échafaudage à base d’hydrogel et de 
cellules, accompagnée éventuellement de facteurs de croissances ensemencés au sein 
de l’hydrogel, peut conduire à des résultats satisfaisants pour la régénération des lésions 
osseuses. Cette revue de la littérature présente les stratégies utilisées pour concevoir 
des systèmes d’hydrogels cellularisés appliquées à la régénération osseuse, en 
identifiant les paramètres clés des microenvironnements créés par l’utilisation 
d’hydrogels.   
Mots-clés  
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Abstract 
Tissue engineering is a promising alternative to autografts or allografts for the 
regeneration of large bone defects. Cell-free biomaterials with different degrees of 
sophistication can be used for several therapeutic indications, to stimulate bone repair 
by the host tissue. However, when osteoprogenitors are not available in the damaged 
tissue, exogenous cells, with an osteoblast differentiation potential must be provided. 
These cells should have the capacity to colonize the defect and to participate in the 
building of new bone tissue. To achieve this goal, cells must survive, remain in the defect 
site, eventually proliferate, and differentiate into mature osteoblasts. A critical issue for 
these engrafted cells is to be fed by oxygen and nutrients: the transient absence of a 
vascular network upon implantation is a major challenge for cells to survive in the site of 
implantation, and different strategies can be followed to promote cell survival under poor 
oxygen and nutrient supply, and to promote rapid vascularization of the defect area. 
These strategies involve the use of scaffolds designed to create the appropriate micro-
environment for cells to survive, proliferate and differentiate in vitro and in vivo. 
Hydrogels are an eclectic class of materials that can be easily cellularised and provide 
effective, minimally invasive approaches to fill bone defects and favor bone tissue 
regeneration. Furthermore, by playing on their composition and processing it is possible 
to obtain biocompatible systems with adequate chemical, biological and mechanical 
properties. However only a good combination of scaffold and cells, possibly with the aid 
of incorporated growth factors, can lead to successful results in bone regeneration. This 
review presents the strategies used to design cellularised hydrogel-based systems for 
bone regeneration, identifying the key parameters of the many different micro-
environments created within hydrogels. 
Keywords 
Stem cells, Hydrogels, Bone Tissue Engineering, Micro-environment 
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3.2. Introduction 
Severe bone lesions cause hundreds of millions of surgical procedures each year around 
the world. Bone is a dynamic and vascularized tissue that has the ability of naturally 
healing upon damage. Nevertheless, in the case of large defects (such as in non-union 
fractures[129], maxillofacial trauma[130,131], tumor ablations[132,133], intervertebral 
disc injury or degeneration[134,135]) this potential is impaired and surgical procedures 
including the use of autografts, allografts or grafting of exogenous biomaterials are 
necessary. These grafted materials must ensure mechanical stability and provide the 
appropriate environment for efficient healing[136,137]. These approaches present 
several limitations: (i) autografts may involve tissue morbidity, moreover the availability 
of donor tissue is limited; (ii) allografts cause an important risk of infection and 
immunogenic rejection mechanisms; (iii) solid biomaterials such as metal or ceramic 
implants do not easily fit the size and shape of the defect[138]. Although recent advances 
in 3D printing of solid materials have enabled the fabrication of size and shape-controlled 
materials, their surgical implantation to fit the morphology of the damaged site is far from 
easy. In this context, new classes of biomaterials for bone healing are the focus of much 
research. A promising strategy for the regeneration of bone is bone tissue engineering 
(BTE), based on the use of 3D matrices (scaffolds) to guide cellular growth and 
differentiation and to promote the deposition of new bone tissue[139].Hydrogels are 
among the most promising biomaterials in BTE applications since they are very flexible 
materials that allow several different properties to be targeted for specific applications 
and they can be formulated in order to be implantable with minimal invasive procedures. 
In fact, ideally hydrogels should be injectable. In contrast to rigid scaffolds, hydrogels 
can establish tight contacts with the host tissue, limiting fibrosis and favouring 
osteoconductivity. The only limitation of hydrogels is their low stiffness, which does not 
allow their use for the repair of load-bearing lesions, such as large fractures of long 
bones. Instead, hydrogels rather appear as lesion filling materials. Hydrogels are 
hydrophilic polymeric 3D networks which can contain and/or release in a controlled 
fashion cells for tissue regeneration and/or bioactive molecules such as growth 
factors[136].The cells encapsulated in hydrogel systems can exert two types of effects. 
They can directly take part as building blocks in tissue regeneration, and in such case 
their long-term survival is required. Alternatively, they can stimulate host responses, 
ultimately favoring tissue repair[140]. In this latter case, transient persistence of these 
cells may be sufficient. Whatever the mechanisms, the choice of the appropriate 
progenitor cells and of appropriate culture conditions prior to incorporation in the 
hydrogel scaffold are key issues for the efficiency of BTE products. 
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The present review, after describing the physiology of bone tissue and its healing 
mechanisms, is intended to provide a critical overview of the cells employed for bone 
tissue regeneration and of hydrogel-based scaffolds as optimal, potentially injectable, 
physiologically-relevant micro-environments for the survival, recruitment, proliferation 
and differentiation of bone cells in BTE applications. Relevant examples in the literature 
will be examined attempting to determine the key parameters which may influence cell 
behaviour and fate, at each of the many different steps of the preparation of tissue 
engineering hydrogel-based constructs. 
3.3. Bone physiology and healing mechanisms 
3.3.1. Bone structure 
Bone is a connective tissue that can be considered as a composite cellularised living 
material typically composed of an inner spongy bone, often named cancellous bone or 
trabecular bone, and an outer compact bone also defined as cortical bone, whose 
relative mass ratio is 20%-80% in the whole skeletal system[2]. 
Cortical bone is composed of osteons, or haversian systems, cylindrical structures 
around 200 μm in diameter, with an inner channel (the haversian canal) containing blood 
vessels surrounded by concentric lamellae of mineralized matrix among which small 
cavities called lacunae are present, each containing an osteocyte. A network of small 
channels (canaliculi) connects the lacunae and the harversian canals, allowing cell-cell 
interactions and favouring exchange of nutrients and metabolites. 
The honeycomb-like network of trabeculae forming cancellous bone also has a lamellar 
organization but internal canals and blood vessels are missing. The trabecular network 
in fact is filled with marrow, a tissue composed of blood vessels, nerves and several cell 
types, from which trabecular osteocytes receive nutrients. 
Bone extracellular matrix (ECM) is characterized by two phases: an inorganic mineral 
component and an organic protein phase. The inorganic component provides stiffness 
to the bone and is mainly composed of hydroxyapatite [HA, Ca10(PO4)6(OH)2] crystals, 
even if calcium carbonate, calcium fluoride and magnesium fluoride are also present, 
and serves as reservoir for the homeostasis of ions, containing 99% of calcium and 88% 
of phosphate of the human body[141]. 
The organic component is mainly composed of a network of type I collagen triple helices 
organised in fibrils (ca 90%), the remaining part being non-collagenous proteins such as 
glycoproteins, proteoglycans and growth factors. The structural role of the organic ECM 
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is twofold: regulating the nucleation and direction of HA crystals and thus the shape of 
the bone and providing ductility and fracture toughness. In addition, the inorganic ECM 
is a reservoir for growth factors and cytokines involved in bone remodeling and 
reparation. 
Among non-collagenous proteins, approximately 10% is constituted of proteoglycans 
(PG), macromolecules composed of strongly hydrophilic negatively charged long 
carbohydrate chains (glycosaminoglycans, GAGs, mainly chondroitin sulphate, 
dermatan sulphate, chondroitin sulphate, keratan sulphate and hyaluronic acid) 
covalently linked to a core protein[10]. PGs form a highly hydrated swelled gel-like matrix 
whose main role is to provide resistance to compressive stress. In addition PGs function 
as growth factors binding and storage agents and as regulators of collagen 
fibrillogenesis[11]. Bone ECM glycoproteins include alkaline phosphatase (ALP), 
osteopontin, bone sialoprotein and osteocalcin, all involved in the mineralization process. 
3.1.1. Bone remodeling 
Bone growth, modeling and remodeling are lifelong processes meant to guarantee tissue 
size and shape adaptation, structural integrity and regulation of mineral homeostasis. 
Bone growth occurs mainly during childhood and adolescence; modeling consists in the 
gradual transformation of bone shape in response to the applied mechanical forces; 
finally, bone remodeling is the continuous process by which bone tissue is renewed to 
maintain its integrity and strength and to control mineral homeostasis. 
Bone remodeling is tightly regulated by the orchestral action of an ensemble of multiple 
cell types arranged within temporary bone-remodeling compartments known as basic 
multicellular units or bone metabolic units (BMU)[29]. Remodeling is initiated by 
remodeling signals (activation phase) that can be hormones such as parathyroid 
hormone (PTH), secreted to maintain calcium homeostasis, or mechanical stimuli 
detected by osteocytes, inactive osteoblasts with low metabolic function located in bone 
lacunae that serve as stress and strain sensors and express paracrine signals for active 
osteoblasts and osteoclasts (e.g., the inhibitory osteoclastogenesis signal transforming 
growth factor-β, TGF-β) thus directing bone turnover. However, it is osteoblasts that, in 
response to remodeling signals can produce osteoclastogenesis cytokines and directly 
recruit osteoclast precursors and promote their proliferation and differentiation into 
multinucleated osteoclasts that begin the bone resorption phase. Osteoclasts derive 
from mononuclear precursors of the hematopoietic lineage that, upon stimulation by 
cytokines produced by osteoblasts, undergo fusion forming large multinucleated 
cells[19]. Bone resorption is achieved by secretion of H+ through membrane proton 
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pumps that create an acidic environment, with a pH as low as 4.5, in the resorptive pit 
(Howship lacuna) that dissolves the mineral component of the matrix while kathepsin K 
and other enzymes are released to break down the organic ECM. Then osteoclasts 
undergo apoptosis and are substituted by mononuclear cells of still unclear phenotype 
(reversal cells) that conclude the resorption phase and prepare the surface for the 
deposition of new matrix[28]. The resorptive pit is then occupied by the osteocytes 
released from the resorbed matrix, mesenchymal stromal cells (MSCs) and 
preosteoblasts that are recruited from the medullary cavity or the periosteum, a fibrous 
membrane covering the external surface of bones populated by progenitor cells, by 
mature osteoclasts, reversal cells and signals liberated from the degraded bone matrix. 
Mature osteoblasts are generated by differentiationof progenitor cells by growth factors 
such as bone morphogenetic proteins (BMPs), fibroblast growth factor (FGF) and TGF-
βand are then responsible for the synthesis of new bone ECM.As osteoblasts end 
depositing new matrix, three main possible fates are possible for them: (i) remaining 
embedded in the newly formed mineralised tissue and transforming into osteocytes; (ii) 
undergoing apoptosis; or (iii) becoming bone lining cells, quiescent osteoblasts with a 
flat morphology that populate non-remodeling bone surfaces[17]. 
A comprehensive description of the cellular and molecular mechanisms coordinating the 
different phases of bone remodeling is beyond the purposes of this review and it has 
been extensively reviewed elsewhere[28,29]. 
3.1.2. Bone healing 
Bone has an intrinsic ability to repair itself. Bone healing processes are not fully 
understood but their understanding is the key to the design and development of new 
effective strategies for the treatment of non-healing bone defects. When fractures occur, 
locally, the skeletal integrity is lost and the bone vascular network is disrupted leading to 
impaired nutrient and oxygen flow and affecting the marrow structure[32]. Then the tissue 
regeneration process begins following three main phases: the inflammation (reactive) 
phase, the reparative phase and the remodeling phase[32]. 
In the early inflammation phase a blood clot (haematoma) is locally formed and growth 
factors (e.g., insulin-like growth factor I (IGF-I) and platelet derived growth factor (PDGF)) 
and cytokines are released to attract and regulate the action of monocyte–macrophages 
and osteo-chondroblast precursor cells. Then the recruited immune cells secrete 
signaling molecules (e.g., FGF, tumor necrosis factor- α (TNF-α), vascular endothelial 
growth factor (VEGF), TGF-β, interleukin-1 and -6 (IL-1 , IL-6)) that stimulate ECM 
synthesis and angiogenesis and chemotactically attract other inflammatory cells and 
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mesenchymal cell precursors (mainly originating from the periosteum) that proliferate 
and differentiate into chondrogenic and osteogenic lineages[34] finally forming a 
transient granulation tissue. 
In the reparative phase the so called fracture callus is generated by one of the two 
following ossification processes: endochondral ossification and intramembranous 
ossification. In endochondral ossification chondroblasts deposit a cartilaginous callus 
bridging and stabilizing the fracture site that is then calcified, vascularised and gradually 
substituted by osteoblasts with woven bone, mechanically weak and characterized by a 
random organization of the collagen fibers. In intramembranous ossification both 
compact and trabecular bone are directly synthesised by osteoblasts without the 
intermediary cartilage deposition phase. This process is mainly limited to the subperiostal 
regions adjacent to both the ends of the fracture[35] and the bone marrow, characterised 
by a functional capillary network and high O2 tension[34]. 
Finally, in the remodeling phase, the fracture callus is converted into new bone tissue 
with a lamellar structure and an inner medullary cavity, thus finally fully restoring the 
biomechanical properties of the bone[35]. Similarly to bone remodelling in intact bones, 
the remodelling phase of the bone healing process is based on BMUs and consists in a 
combination of callus resorption by osteoclasts and bone deposition by osteoblasts and 
may take years to achieve the fully repaired bone. 
For a complete description of the biology of fracture healing, involving the tight 
coordination of several cell types and changes in the expression of thousand genes, the 
reader is referred to specific comprehensive reviews[34,35]. 
3.1.2.1. MSCs in bone healing 
MSCs play a pivotal role in bone healing by differentiating into chondroblasts and 
osteoblasts that deposit the fracture callus in the reparative phase[142]. They are mainly 
recruited from the bone marrow and the periosteum, even if a systemic recruitment of 
MSCs circulating in the blood is also possible[143]. The process regulating SMC 
recruitment in the site of injury is still not completely understood, since it is often difficult 
to clearly discriminate effects on recruitment, proliferation and differentiation. However, 
it is generally agreed that they migrate along chemical gradients of potent chemokines 
and growth factors by chemotaxis and stromal cell-derived factor-1 (SDF-1) is currently 
the most recognised recruitment signal[144].  
Also, the molecular mechanisms governing proliferation and differentiation of MSCs are 
still not fully elucidated. Several signaling pathways are involved in parallel, 
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encompassing FGF, BMPs, Wnt and Notch signaling, but also physiologic stimuli such 
as mechanical strain and hypoxia[142]. The combination of these differentiation signals, 
during bone healing, can lead to the production of osteoblasts or chondrocytes that finally 
accomplish bone formation. In addition, MSCs, can play an indirect trophic role in fracture 
healing by secreting cytokines and growth factors thus contributing in the recruitment of 
other cells, in the stimulation of vascularization and in the modulation of immunological 
responses[142,145]. 
3.2. Hydrogels: suitable micro-environments for BTE 
Some large fractures or lesions caused by loss of large amounts of trabecular bone 
cannot self-heal and require biomaterials either as substitute or as filler to restore the 
mechanical properties of the damaged organ[146]. In these situations, regeneration of 
damaged bone necessitates either an osteoconductive biomaterial, which will enable 
good osteointegration, or an osteoinductive system, which will enable the recruitment 
and differentiation of host cells. In some instances, osteoblast progenitors are not 
available in the vicinity of the lesion, and exogenous stem cells may be implanted. This 
therapeutic approach is known as tissue engineering, in which a scaffold is associated 
with stem cells and growth factors to be implanted in severe lesions, to promote efficient 
formation of new vascularized bone, with biological and mechanical characteristics as 
close as possible to those of native bone. 
Biomaterials for bone repair must be able to provide temporary structural and mechanical 
support to the tissue regenerating cells which will colonize them, allowing their 
proliferation, possibly the differentiation in suitable cell types and finally the synthesis of 
a mineralized bone matrix that will replace the scaffold itself. As described in the previous 
section, the bone micro-environment is complex, consequently several properties are 
required to the 3D scaffold material in order to favor an adequate regeneration of the 
bone tissue[147].  
First, a scaffold material must be biocompatible, generally meaning that upon 
implantation it must not cause an important deleterious inflammatory reaction or other 
adverse topic or systemic effects and should not be toxic for the recipient tissues and 
the cells it can harbor[148],[149]. The material should be bioactive, particularly at the 
interface with the host tissue allowing (i) the establishment of bonds and connections 
with the surrounding bone and thus a rapid osseointegration and (ii) the colonization of 
the scaffold by osteoprogenitor and differentiated bone cells that can promote the 
deposition of new bone tissue. In this context, scaffolds for bone regeneration should 
satisfy three main properties: osteoconductivity, osteoinductivity and osteogenicity.  
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• Osteoconductivity is the ability of the material to favor bone growth at the 
biomaterial/host interface that is on the external and internal surfaces of the 
scaffold. 
• Osteoconduction is perpetrated by stimulating the adhesion and migration of cells 
from the surrounding bone within the material and the deposition of new bone 
tissue [150]. It is dependent on the physical, chemical and structural (e.g., 
porosity) properties of the scaffold but also mechanical properties, 
biocompatibility, biodegradability and hydrophilicity will influence it[136]. 
• Osteoinductivity, is the bioactive ability of the scaffold to recruit stem cells and 
promote their differentiation towards osteogenic lineages, thus inducing bone 
regeneration. 
• Osteoinduction can be stimulated by material chemical properties, by its structure 
(macrostructure, microstructure and nanostructure) or by the presence of 
osteoinductive growth factors such as BMPs [151],[152]. 
• Osteogenicity implies the presence of osteoprogenitor cells inside the graft (e.g., 
autografts) or the scaffold material and their proliferation in order to create a 
cellular environment prone to osteogenesis [153]. 
Hydrogels are three-dimensional strongly hydrophilic polymer networks which can 
absorb huge quantities of water and that mimic the characteristics of the ECM of native 
tissues, providing cells with a temporary mechanical support while guaranteeing 
adequate nutrient and gas exchange[154]. This provides an ideal micro-environment for 
cellular proliferation and differentiation, thus allowing bone cells encapsulated/migrating 
in the hydrogel to grow and secrete new ECM for restoration of damaged bone 
tissue[155].Thanks to all these advantages hydrogels are increasingly considered as the 
option of choice for bone regeneration. In addition, hydrogels can possibly be loaded 
with bioactive molecules, osteoconductive/osteogenic growth factors, or with cells and 
injected in the site of morbidity before gelation[156]. These injectable hydrogels permit 
less invasive surgical procedures, with respect to hard scaffolds, regardless of the shape 
of the bone lesion since they can easily fill also irregularly shaped defects[157]. 
Owing to the plethora of advantages offered by hydrogels, this section will focus on the 
methods of preparation, the properties and the composition of hydrogels as systems 
providing a physiologically relevant environment for cell adhesion, proliferation and 
differentiation for BTE strategies. 
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3.2.1. Methods of preparation of hydrogels 
The mechanical (visco)elastic behaviour and the extent of swelling of hydrogels depend 
on the balance between the osmotic forces that promote water inflow and the cohesive 
forces that resist the deformation of the polymeric 3D network and impart it mechanical 
reinforcement and stress-resistance. Therefore, the swelling ratio strongly depends on 
the chemical properties of the polymeric components (i.e., hydrophilicity) and on the type 
and extent of crosslinking[158]. It is thus clear that by playing with the method of 
preparation and with the parameters of the crosslinking reaction it is possible to tune the 
final properties of hydrogels. 
For the preparation of hydrogels hydrophilic polymers are crosslinked either through 
covalent bonds or via physical intra- and intermolecular interactions. The main methods 
of preparation of hydrogels, together with their main advantages and limitations are 
summarized in Table 1. 
3.2.1.1. Physical crosslinking 
In physically crosslinked hydrogels the junctions among polymeric chains are mediated 
by transient non-covalent interactions such as ionic interactions, hydrogen bonds and 
hydrophobic effects or simply by chain entanglement[159]. These processes allow to 
avoid the addition of cytotoxic initiators and chemical crosslinkers and to employ mild 
conditions of preparation (e.g., pH and temperature) thus improving the cytocompatibility 
of the hydrogels and possibly permitting the incorporation of cells prior to gelation (e.g., 
type I collagen gels[115]). Physical crosslinking techniques employed for the preparation 
of hydrogels rely on (i) ionic crosslinking, where polyelectrolytes form hydrogels in the 
presence of multivalent ions of the opposite charge that create bridges between pairs of 
charged functionalities present along the backbone of the polymeric chains[160], such 
as in the gelation process of alginate and pectin by calcium ions[161]; (ii) hydrogen 
bonding, such as in gelatin based hydrogels[162]; and (iii) hydrophobic association, 
occurring when the hydrophobic portions of amphiphilic polymers in aqueous milieu 
aggregate as the temperature is increased above their transition temperature[163], as 
recently described for the injectable thermosensitive copolymer poly(ethylene glycol)–
poly(serinol hexamethylene urethane) (ESHU) that forms hydrogels at body temperature 
and has been successfully used for bone marrow MSC (BMSC) transplantation[164]. 
The main drawbacks of physical hydrogels are generally the low mechanical properties, 
deriving from the weakness of the secondary forces involved in crosslinking, that limit 
their application to non-load-bearing sites. In addition, the stability in physiological 
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environments could be an issue given that premature disassembly of the hydrogels can 
prevent effective cell engraftment. 
3.2.1.2. Covalent crosslinking 
Covalently crosslinked hydrogels overcome the limitations of physical hydrogels related 
to stability, dwell time after implantation and, partially, mechanical properties. Many 
different chemistries have been employed for covalently crosslinked hydrogels among 
which free radical polymerization, click chemistry, Michael-type addition, 
photocrosslinking, enzymatic crosslinking[134,160]. Generally, these systems are 
composed of polymeric chains bearing reaction sites for 3D network expansion under 
specific physical and chemical conditions. However, these approaches are suitable for 
tissue engineering/regeneration only if the employed possibly toxic reagents (precursors, 
initiators, crosslinkers) can be completely removed before cell addition or implantation. 
In addition, most of covalently crosslinked hydrogels do not allow direct incorporation of 
cells inside the hydrogel, making necessary to seed the cells on the surface and, 
provided that there is a suitable open macroporosity, let them migrate inside the scaffold. 
Moreover, chemical functionalization and crosslinking of the starting polymer chains can 
thoroughly affect their chemistry and then their biological properties, especially for 
naturally derived materials. 
An interesting approach to covalently crosslink polymers in hydrogel systems is to use 
enzymes. In this approach, the crosslinking reaction proceeds under physiological 
conditions making the systems highly cytocompatible, injectable for in situ gelation and 
suitable for direct cell encapsulation. In addition, the properties of the resulting hydrogels 
can be modulated by controlling the concentration and the activity of the enzymes. One 
of the most employed enzymes is transglutaminase. Transglutaminases are enzymes 
that catalyse the formation of isopeptide (amide) bonds between proteins in processes 
such as blood clot formation. These class of enzymes has been used to crosslink 
hydrogels based on different proteins, mainly collagen[165] and gelatin[166], that were 
demonstrated to be non-cytotoxic and suitable for cell encapsulation[167,168]. 
For the in-depth description of crosslinking techniques in hydrogels the reader is referred 
to specific comprehensive reviews[134,159]. 
3.2.2. Controlling hydrogel formation by 3D printing technologies 
For many years, hydrogels have been formed as bulks or particles, without any control 
of the organization of the scaffold. Likewise, inclusion of cells or bioactive factors was 
achieved by simple blending procedures or surface seeding. The recent development of 
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several 3D printing technologies has opened the way to new possibilities of better 
controlling the pattern of gels, in particular structure and porosity, from the macroscopic 
to the microscopic scale, enabling the design of complex, heterogeneous products 
comprising materials, cells and growth factors with a controlled organization[169]. Three 
types of printing technologies are currently used: inkjet, extrusion, and laser-mediated 
printing, allowing different resolutions[169]. Different compounds have been used to 
produce hydrogels by extrusion and inkjet techniques, such as collagen[170], 
alginate[171], silk fibroin[172], , or synthetic polymers such as polyethylenglycol, 
acrylates, polyions complex hydrogels [173], or polycaprolactones (PCL)[174]. These 
technologies also allow the production of interpenetrating networks consisting in the 
mixture of different polymers resulting in improved overall mechanical properties[171]. 
The possibility to perform in situ gel formation upon printing, by physical agents such as 
ultraviolet light (UV) or temperature, or chemical agents such as pH or radicals[175], has 
been shown to greatly improve the accuracy and stability of the printed pattern[176]. In 
addition to controlling gel structure, it is also possible to control cell patterning, using 
specific natural matrices as bioink for cell printing and separate nozzles to print the gel-
forming solution and the cell-containing matrix separately. The combined control of 
material and cell patterning offers multiple applications for the repair of many tissues, 
including bone[177,178]. However, whereas many protocols have shown excellent in 
vitro properties such as cytocompatibility, well-controlled cell distribution, viability over 
extended periods of time in culture and sometimes improved osteoblast differentiation, 
the real benefit of 3D printing technologies for bone regeneration remains to be 
demonstrated by further in vivo studies. 
3.2.3. Tailoring hydrogel properties for cell incorporation and bone tissue 
regeneration 
Several material properties must be tuned in parallel to obtain physiologically-relevant 
microenvironments for bone cell incorporation, survival and differentiation, for bone ECM 
deposition and for the recruitment of cells involved in the complex bone regeneration 
process. 
The mechanical properties of hydrogels for BTE are important since scaffolds are 
supposed to bear loads while promoting the tissue regeneration. In general, hydrogels 
feature poor mechanical properties, compared to the bone tissue this limiting their 
application to non-load or low-load bearing sites[155]. However, secondary materials 
such as HA nanoparticles, bioglasses, carbon nanotubes and nanofibers can be 
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incorporated into hydrogels, obtaining composite materials with appropriate mechanical 
performances, as recently reviewed by Tozzi et al.[136] and Butcher et al.[179]. 
In addition, material stiffness can influence cell behaviour in terms of adhesion, 
proliferation, migration and differentiation[157], with higher matrix rigidity associated with 
increased osteogenic differentiation of osteoblast progenitor cells and tissue 
mineralization[180]. Hydrogel stiffness can be tailored by playing on several preparation 
processing parameters such as polymer molecular weight, concentration, and type and 
degree of crosslinking, however this will affect also other relevant properties of the 
system, in particular porosity, permeability and cytocompatibility[136], making necessary 
to finely tune the material design to obtain adequate combinations of mechanical, 
structural and biological properties. 
When considering hydrogel mechanical properties, polymer degradation should be also 
taken into account. In fact, ideally, the scaffold should degrade at a rate compatible with 
new bone formation, so that the mechanical stability of the site of injury is 
maintained[181], and the degradation products should be non-toxic for the cells present 
in the regenerating and surrounding tissues. Degradation usually occurs by (enzymatic) 
hydrolysis of ester linkages and degradation rate can be controlled through the chemistry 
and length of the polymer backbone and of the crosslinkers, through the crosslinking 
density and by the introduction of degradation sites susceptible to cleavage by enzymes 
such as metalloproteinases[182]. 
Porosity of hydrogels strongly influences the fate of osteogenic progenitor cells and thus 
their ability to mediate new bone formation. In general, hydrogels for BTE should have a 
high and open interconnected porosity to maximise surface/volume ratio and thus cell-
biomaterial interactions, facilitate cell seeding and colonization, allow the appropriate 
supply of oxygen and nutrients from the surrounding tissues and permit 
neovascularization. Porosities higher than 90% are often chosen for BTE scaffolds[14] 
and pore size bigger than 200 μm is generally considered appropriate to stimulate 
osteogenesis, osteoinduction, osteoconduction and osteogenic progenitor cell 
differentiation[158,183–186]. 
Porosity can be tailored by playing with the degree of crosslinking (higher crosslinking 
corresponds to reduced porosity) and porogen materials can be introduced during 
hydrogel preparation to finely control the final structural properties of the scaffold[187]. 
Recently Wang et al. proposed uncrosslinked gelatin microspheres as porogen agent. 
Gelatin microsphere can be incorporated in the hydrogel at room temperature but they 
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dissolve in non-cytotoxic products at 37°C, allowing to control porosity and pore size in 
cell-laden hydrogels without affecting cell viability[187]. 
However, it must be noticed that scaffold mechanical strength decreases with porosity 
and pore size, therefore these parameters should always be balanced to guarantee the 
preservation of the mechanical stability of the hydrogel. 
The possibility to directly and uniformly encapsulate cells during preparation is a desired 
property of hydrogels for BTE, since it bypasses the time-consuming cell-
seeding/colonization steps necessary for the cellularization of prefabricated scaffolds 
often associated with limited and unequal cell infiltration. In addition, these systems are 
often also injectable, allowing minimally invasive administration routes and to easily fit 
the defect, thus providing a superior configuration for osteoconduction and 
vascularization from the surrounding tissues[134]. For direct cell encapsulation, the 
gelation process must occur in cell compatible conditions (pH, temperature, osmolarity). 
When covalent crosslinking is employed, often the chemical reactions have cross-
reactivity with cell components and it is therefore necessary to use nontoxic crosslinkers 
(e.g., genipin[188]) and initiators (e.g., lithium acylphosphinate salt for 
photopolymerization) and to investigate the compatibility of the crosslinking strategies 
with cells, as recently reviewed by Caliari and Burdick[189]. These issues limit the 
number of suitable crosslinking strategies and compel to develop specific optimized 
procedures to preserve the viability of encapsulated cells. Thermosensitive hydrogels 
are an interesting class of materials that undergo gelation above a transition temperature 
called lower critical solution temperature (LCST), due to hydrophobic association. 
Thermosensitive hydrogel-forming polymers are amphiphilic copolymers whose LCST 
can be tuned by changing the molecular weight of the hydrophobic and hydrophilic 
portions. When the LCST is at values around physiological temperature, these systems 
are suitable for cell encapsulation and can be injected into the body for in situ 
formation[190]. Poly(N-isopropylacrylamide) (PNIPAAm) and Pluronic® are typical 
examples of thermosensitive polymers that have been used for bone cells 
encapsulations[191,192]. 
Biomimetic approaches aim to introduce bioactive molecules in the hydrogel structure to 
promote osteoconductivity, osteoinductivity and osteogenicity. First of all, cells used in 
BTE, in particular MSCs, are strongly adhesion dependent, they need to adhere to the 
substrate to survive, proliferate and differentiate and, when not properly attached, they 
may undergo anoikis, a form of apoptosis occurring in anchorage-dependent cells when 
they detach from ECM[193]. Natural polymers such as type I collagen inherently possess 
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bioactive motifs that can guide cell adhesion, proliferation and differentiation and tissue 
regeneration[194]. When inherent bioactivity is missing, biological cues can be 
incorporated by covalent grafting or inclusion during fabrication. However, biological 
moieties grafting should be limited to avoid affecting the structural and mechanical 
properties of the resulting hydrogel. The natural cell binding ligand arginine-glycine-
aspartate (RGD), found in collagen, fibronectin and other ECM proteins, is the most 
widely employed signal to improve cell adhesion. Interestingly, it has been recently 
reported that by controlling the distribution of RGD on hydrogels by nanopatterning it is 
possible to maximize its beneficial effects on adhesion, survival and differentiation of 
MSCs[195,196]. This strategy is promising for prefabricated hydrogels and can be 
exploited for the investigation of the influence of RGD density and spatial distribution on 
in vitro MSC differentiation but it is hard to translate to hydrogels for BTE applications, 
especially to hydrogels for direct cell encapsulation, where only the grafting degree can 
be controlled during synthesis. 
As recently reviewed by Nyberg and colleagues[197], growth factors such as BMP-2, 
TGF-β, FGF and IGF can be incorporated to control MSC differentiation and the 
recruitment of progenitor cells from the surrounding systems, aiming to mimic the 
signalling events occurring during bone healing, but also alternative small osteogenic 
molecules such as melatonin, resveratrol and purmorphamine have recently 
demonstrated promising activity in BTE strategies[198]. However, fine tuning the 
properties of hydrogel-based scaffolds for the combined transplantation of cells and 
controlled delivery of osteogenic molecules is challenging due to the different 
characteristics required for the two approaches (additional drug delivery particles could 
be necessary) and it is not clear yet if the synergistic effects are significant[199,200]. 
It is worth to note that, unfortunately, to date the majority of the studies on bone 
progenitor cell differentiation in hydrogels have been performed in in vitro settings, whose 
predictivity toward in vivo outcomes is still debated[156]. In addition, controlling 
separately structural, mechanical, chemical and biological properties of hydrogels is 
challenging since, as described above, usually a change in processing parameters 
strongly influences these properties all at once, for example, increasing crosslinking 
density to improve the strength of the scaffold yields reduced pore size and longer 
degradation times and can affect the cytocompatibility necessary for cell encapsulation. 
Consequently, also the investigation of the effects of single parameters on cell behaviour 
is not trivial, and the hydrogel system properties as a whole must be taken into account 
in the design of hydrogels for BTE. 
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Tableau 2 : Méthodes de preparation des hydrogels 
Type of 
crosslinking 
Example of material Advantages Limitations Ref. 
Ionic 
crosslinking 
(physical) 
Alginate 
Pectin 
Cytocompatibility 
Cell encapsulation-
injectability 
Poor mechanical 
properties 
Low stability in 
physiological 
environments 
[134,155,161] 
Hydrogen 
bonding 
(physical) 
Gelatin 
Cytocompatibility 
Cell encapsulation-
injectability 
Poor mechanical 
properties 
Low stability in 
physiological 
environments 
[162,163,201] 
Hydrophobic 
association 
(physical) 
ESHU 
PNIPAAm 
Pluronic® 
Thermoresponsiveness 
Cytocompatibility 
LCST tunable at ~ 37°C 
Cell encapsulation-
injectability 
Poor mechanical 
properties [155,158,163,164] 
Free radical 
polymerization 
(covalent) 
Vinyl monomer-
containing/functionalized 
polymers 
Possible thermal-, redox- 
and photo-initiation 
Cell encapsulation-
injectability 
Tunable properties 
Risk of 
cytotoxicity [155,202,203] 
Small 
crosslinkers 
(covalent) 
Polymers with suitable 
functionalities (e.g., 
NH2, COOH, CHO) to 
react with crosslinking 
agents 
Easiness and versatility 
Tunable properties 
Possible 
cytotoxicity of the 
crosslinking 
agent 
[158,163,204] 
Direct chain-
chain 
crosslinking 
(covalent) 
Polymers functionalized 
with reactive functional 
groups 
No toxic crosslinking 
agents 
Tunable properties 
Risk of 
cytotoxicity 
Laborious 
polymer 
modification step 
[134,163] 
Enzymatic 
crosslinking 
(covalent) 
Protein-based hydrogels 
(collagen, gelatin, fibrin, 
using transglutaminase) 
Crosslinking occurring 
under physiological 
conditions 
High cytocompatibility 
Cell encapsulation-
injectability 
Easily tunable properties 
Poor mechanical 
properties [134,165,168,205] 
Table 2 abbreviations. ESHU: poly(ethylene glycol)-poly-(serinol hexamethylene urethane); LCST: Lower 
Critical Solution Temperature 
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3.3. Hydrogel forming materials 
On the basis of the origin of their components, materials for the preparation of hydrogel 
scaffolds can be classified in natural and synthetic. However, in order to combine the 
advantages of these two systems, to overcome their limitation and to obtain optimized 
properties for tissue engineering, several combinatorial approaches have been also 
thoroughly implemented[155]. The advantages and limitations of the main materials 
employed in hydrogel-based BTE are summarized in Table 2, together with relevant 
examples of their in vitro and/or in vivo performances. 
3.3.1. Natural hydrogels 
The main naturally occurring polymers synthesized by living organisms are 
polysaccharides (e.g., pullulan, alginate, chitosan, etc.) or proteins (collagen, silk, fibrin, 
heparin, etc.)[157]. In general, natural polymers are biocompatible and they allow cell 
attachment and proliferation due to their physical and biological properties without 
causing cytotoxic reactions compared to synthetic hydrogels[157]. The main limitations 
of these polymer-based matrices are their lack of mechanical strength to support the 
forces occurring in the bone environment, and, for some of these polymers, a lack of 
cytocompatibility and osteoconductivity, fast degradation rates, high batch to batch 
variability and some immunological concerns. 
3.3.1.1. Collagen 
Type I collagen hydrogels are prepared from collagen extracted from mammals by simple 
neutralization of the acidic collagen solution[115]. Their thermosensitive nature allows 
the cells to be incorporated when they are liquid, at low temperature and then to be 
injected and form a gel in situ, at 37°C. Collagen is an important constituent of the bone 
ECM therefore it offers a number of favorable binding sites for bone cells and it is 
reported to promote mineralized matrix deposition[183],[206],[207]. These physical and 
biological properties make collagen a very good candidate for BTE as evidenced by the 
high number of papers present in literature, although the mechanical properties of 
collagen-based hydrogels are fairly limited[194],[155],[107]. In addition, recently, 
collagen gels have been described as optimal scaffolds for the coculture of MSC and 
endothelial cells, promoting, in vitro, the increased expression of both osteogenic and 
angiogenic markers, with respect to other systems such as alginate gels[208]. 
3.3.1.2. Alginate 
Among natural polysaccharides, alginate is a linear anionic copolymer composed of (1-
4)-linked β-D-mannuronate and α-L-guluronate residues that is extracted from marine 
algae[209]. Usually, alginate hydrogels are formed by cross-linking of the hydrophilic 
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polymer by an ionic cross-linking agent such as divalent cation (Ca2+) [161]. Alginate is 
generally employed to encapsulate cells and/or molecules such as small chemicals, 
proteins and drugs[210]. However, to promote cell adhesion and proliferation, an 
improvement of the hydrogel composition is necessary such as the chemical grafting of 
RGD containing peptides on the polymer backbone [161]. As an example, Grellier et al. 
showed that BMSCs can synthesize both in vitro and in vivo a mineralized ECM in RGD-
grafted alginate microspheres[211]. 
3.3.1.3. Chitosan 
Chitosan is a linear polysaccharide consisting of randomly distributed N-acetyl-D-
glucosamine and D-glucosamine units linked by β (1à4) glycosidic bonds. Chitosan is 
obtained by the deacetylation of chitin, one of the main components of the exoskeletons 
of crustaceans and of the cell walls of fungi. Due to the presence of deacetylated units, 
chitosan is protonated at slightly acidic pH, and these characteristic confer it many of its 
peculiar properties such as the ability to form hydrogels by ionotropic gelation and 
antibacterial activity[209]. In addition, depending on the chemical properties of the used 
chitosan and on its eventual derivatization, chitosan-based hydrogels can be prepared 
by chemical cross-linking, allowing to obtain a wide range of mechanical, thermal and 
biological properties[212] and in situ gelation can be achieved by photocrosslinking with 
UV light or temperature-induced crosslinking[213]. To promote cell adhesion and 
proliferation, the degree of deacetylation of chitosan should be high and this is also 
reported to improve the mechanical properties of the obtained hydrogels[214]. In a recent 
approach, Ding and colleagues deacetylated preformed chitin hydrogels yielding 
physical crosslinked hydrogels with superior mechanical properties, increasing with the 
degree of acetilation[215]. The reported mechanical and structural properties are 
promising but the ability of these systems to promote bone tissue regeneration still need 
to be investigated. 
3.3.1.4. Pullulan 
Pullulan is another neutral and non-immunogenic polysaccharide produced from the 
fermentation of starch by the fungus A. pullulans. It is composed by maltotriose units 
(blocks of three glucose residues connected by α-1,4 glycosidic bonds) connected to 
each other by α-1,6- glycosidic bonds. To improve the mechanical stability of pullulan, it 
can be cross-linked by trisodium trimetaphosphate which is reported to be nontoxic[216]. 
Unfortunately, notwithstanding the hydrophilic nature of pullulan-based hydrogels, they 
do not support adhesion and spreading of cells. To overcome this problem and enhance 
biostability pullulan has been combined with other materials such as gelatin or 
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hydroxyapatite nanocrystals[217] or coated with bioactive proteins such as silk 
fibroin[218]. 
3.3.2. Synthetic hydrogels 
Synthetic hydrogels offer many advantages over natural polymers including unlimited 
supply, relative lack of immunological concerns, and much higher reproducibility in terms 
of physical and chemical properties, which is important for the reproductive manufacture 
of tissue engineering/regeneration products. In addition, they offer the potential for 
improved control and tuning of the properties, repeatability and safety[157]. 
Currently, synthetic polymers have emerged as an important alternative for the 
production of hydrogel-based scaffolds for BTE[219]. Because of their synthetic nature, 
the chemical properties of these polymers can be easily tailored ad hoc to adapt and 
modulate their physicochemical properties in order to obtain hydrogels that better mimic 
the morphology and mechanical properties of native extracellular matrices or to modify 
their kinetics of biodegradation[220]. In addition, they can be functionalized with bioactive 
compounds to improve their biomimetic and osteogenic behavior[221]. Among the many 
synthetic polymers available to create hydrogels only few of them have the properties 
necessary to be selected as physiologically relevant micro-environments for BTE, such 
as polyesters (e.g., polyglycolic acid, polylactic acid, polycaprolactone, etc.), 
polyacrylates, polyethylenglycol (PEG), polyphosphoesters and synthetic peptides. 
3.3.2.1. Polyethylene glycol-based hydrogels 
Polyethylene glycol (PEG), also known as polyethylene oxide (PEO) is a linear polyether 
manufactured from ethylene glycol monomers. The name PEG is usually used to indicate 
polymers with a molecular weight lower than 20 kDa while PEO refers to chains with 
higher molecular weight. For the preparation of hydrogels, PEG is usually crosslinked by 
gamma-irradiation or chemical crosslinking by reaction of hydroxyl groups on the ends 
of PEG[222] or upon previous functionalization with other functional groups[134,219]. 
PEG-based synthetic hydrogels are amongst the most studied and employed systems 
for protein and cell delivery in regenerative medicine because of their good and tailorable 
mechanical properties, high biocompatibility, and low immunogenic profile, furthermore 
PEG is commercially available and FDA approved for several applications and it can be 
easily functionalized incorporating the desired functionalities[223]. Photocrosslinked 
diacrylate PEG (PEGDA) hydrogels have shown interesting properties. In the study by 
Nuttelman et al., MSCs were encapsulated within the hydrogel before photocrosslinking 
and could survive and differentiate into osteoblasts. In particular, cells expressed 
markers of osteoblastic differentiation such as osteonectin, osteopontin, and alkaline 
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phosphatase and a mineralization of hydrogels was observed using von Kossa 
staining[224]. 
PEG, notwithstanding its high hydrophilicity, is recognized as a biologically inert polymer, 
consequently both protein and cell adhesion can be fairly limited in PEG-based 
hydrogels. A frequently employed strategy to improve cell attachment, proliferation and, 
potentially, differentiation on these substrates consists in the functionalization of PEG 
hydrogels with RGD motif-containing peptides[136]. Several studies have shown that the 
incorporation of RGD adhesives peptides increased osteoblast and MSCs attachment, 
survival, proliferation and differentiation[177], furthermore the mineralization of hydrogels 
[202],[177]and the production of bone tissue marker proteins were ameliorated[225]. 
The tri-block copolymer commercially known as Pluronic® F127, made of amphiphilic 
copolymers polyethylene oxide (PEO) and polypropylene oxide (PPO), (PEO)99-(PPO)69-
(PEO)99 can form synthetic hydrogels. Pluronic® is characterized by a thermoreversible 
gelation: it is liquid at 4°C and forms gel within 5 minutes at 37°C[226]. In addition it has 
favorable properties such as biocompatibility, non-cytotoxicity and biodegradability[192]. 
The study conducted by Diniz et al. showed that this hydrogel allows adhesion, survival 
and proliferation of human BMSCs and dental pulp stem cells seeded within the 
hydrogel. In addition, the authors have shown that when cellularized hydrogels are 
cultivated in an osteogenic medium, cells express osteogenic differentiation markers and 
deposit mineralized bone ECM, this making Pluronic a good candidate for BTE[192]. 
Despite this, the biostability properties and the too rapid degradation in aqueous 
environment of this hydrogels still limit their use as cellularized scaffolds in vivo[192,227]. 
A valuable alternative are methoxy-PEG-b-polycaprolactone (MPEG-PCL) block 
copolymers that have thermoresponsive properties similar to Pluronic®, low degradation 
rates and suitable mechanical properties and in the last few years have been 
successfully tested for in vivo osteogenic potential in combination with MSCs from 
different origins[228,229]. 
3.3.2.2. Polyphosphoesters-derived hydrogels 
Polyphosphoesters are a class of phosphorus-containing polymers featuring repeating 
phosphoester bonds in their backbone. Polyphosphoester-based hydrogels, by choosing 
the appropriate starting monomers, (macro)crosslinkers and initiators, can be 
synthetized by photoinitiated free radical co-polymerization in mild physiological-like 
conditions and combined with other polymers such as PEG[230]. In addition to their 
biocompatibility, anyway still dependent on the choice of the building blocks, an 
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interesting property of polyphosphoester hydrogels is related to the degradation 
products, in fact the hydrolysis of phosphate linkages produces phosphate, alcohols and 
diols, with low cytotoxicity[231],[182]. In addition phosphate reacts with the calcium ions 
present in the surrounding environment producing calcium phosphate thus promoting 
auto-calcification which may further stimulate cells toward bone ECM deposition[232]. 
It has been shown that MSCs seeded in polyphosphoester-based hydrogels and 
incubated in an osteogenic medium survived and led to mineralization of the hydrogel 
after 3 weeks of culture[231]. The major limit of these hydrogels is a too rapid weight loss 
over time in culture due to the presence of numerous cleavage sites available for 
enzymatic biodegradation, leading to a degradation profile that, if not well tuned by 
optimizing the chemistry of the polymer, may be too fast for the occurrence of an 
adequate bone regeneration[232]. 
3.3.2.3. Peptide-derived hydrogels 
Synthetic peptide-derived hydrogels are formed by relatively short (around 15-20 
residues) amino acid sequences (i.e., self-complementary peptides and peptide 
amphiphiles) capable of self-assembling into hydrogel networks by physical crosslinking 
induced by ionic force, pH or temperature changes[219]. These hydrogels show 
biocompatible, biodegradable and generally non-immunogenic properties, moreover 
their nanofibrous network organization mimics the natural ECM fibrillar structure[219]. 
An in vitro study of BMSCs seeded within a commercial peptide hydrogel (RADA16®) 
grown in an osteogenic medium has shown encouraging results for BTE. Indeed, 
progenitor cells in the hydrogel differentiated into mature osteoblasts and a high and 
increasing activity of alkaline phosphatase and osteocalcin contents were observed after 
2, 3 and 4 weeks of maturation[233]. For in vivo use in BTE, the mechanical properties 
of these hydrogels appear to be low, but some possibilities have proposed to overcome 
this limitation[234,235], especially based on chemical crosslinking, however it must be 
ensured that these modifications do not affect the good cytocompatibility and the 
osteoinduction/osteogenic properties of these hydrogels[235]. 
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3.3.3. Multicomponent hydrogels 
As we have seen the existing hydrogels for BTE need to compromise between good 
biological properties (cell attachment, proliferation and differentiation) and good 
mechanical properties (mechanical resistance to environmental stresses and controlled 
degradation). Combining different materials is a strategy that may permit to obtain 
simultaneously biological activity and mechanical support. As mentioned previously, 
natural hydrogels synthetized from natural polymers such as proteins usually have 
structures and biological properties which actively regulate cellular responses, offer 
favorable interactions with the surrounding ECM and promote osteogenesis. Oppositely, 
synthetic hydrogels are often associated with higher mechanical properties and 
biostability. Consequently, the combination of the characteristics of the synthetic and 
natural polymers to design hybrid hydrogels is envisaged as a promising approach for 
the creation of bioactive scaffolds for BTE[219]. One of the most employed approaches 
involves the combination of natural polymers with PEG. Coupling a biological molecule 
to PEG usually contributes to improve the biological activity of the synthetic polymer and 
confers to otherwise biologically inert PEG hydrogels, cell/protein adhesion 
properties[222]. Several studies combined PEG with naturally derived ECM components 
such as collagen[246] or hyaluronic acid[247] and showed enhanced biological 
properties with high (encapsulated) stem cells viability in vitro and in vivo associated with 
enhanced mechanical properties. 
Pullulan has been recently blended with dextran and sodium carbonate as porogen 
reagent to form hydrogels with interconnected pores of 200 μm that were seeded with 
MSCs. These systems demonstrated superior osteogenesis in vivo in a rat model of large 
bone defect with the hydrogel that was rapidly resorbed and substituted by a dense 
mineralized bone tissue forming from the edges of the defect. SMCs promoted both bone 
formation and vascularization but it was not clear if they exerted a paracrine effect, a 
direct bone tissue deposition activity through their differentiation into mature osteoblasts, 
or a combination of the two processes, since their number was extremely decreased 30 
days after implantation[248]. 
Another example is PNIPAAM, a temperature-responsive polymer which have the 
abilities to form hydrogel when heated at 32°C in water. This synthetic hydrogel has been 
shown to be a good candidate for the encapsulation of bone cells[249] but its use is 
limited because of its poor biocompatibility and non-biodegradability[250]. To overcome 
these limitations many researches modified this hydrogel with natural compounds 
including collagen[251], chitosan[252], hyaluronic acid[253] or RGD peptides[254]. Liao 
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et al. have shown that hyaluronic acid-chitosan-PNIPAM hydrogels can promote MSCs 
proliferation and osteogenic differentiation and secretion of mineralized ECM after 
culture in an osteogenic environment. Also in vivo grafting of the injectable hydrogel-
MSCs complex demonstrated ectopic bone formation and total biodegradation of the 
material without toxic reaction to animals[255]. 
3.3.4. Composite Hydrogel 
Composite hydrogels aim to combine natural or synthetic hydrogels with bioactive 
phases, degradable polymeric structures and/or bio-ceramics to enhance the 
mechanical and biological properties of each compound to produce a relevant 
environment for BTE.  
To increase osteoinductive, osteoconductive and mechanical properties of hydrogels 
one strategy consists in loading them with usually micro/nano-sized mineral phase-like 
ceramics to promote tissue formation while providing higher initial mechanical properties 
to bear the solicitations occurring in the bone environment[207]. Thus, new composite 
matrices combining polymers and calcium phosphates have been developed to mimic 
as closely as possible the bone matrix, a mixture of organic and inorganic components. 
Elements based on calcium phosphates provide mechanical properties and 
osteoconductivity and the polymer component, collagen or chitosan, alginate, improves 
the biocompatibility and biodegradability of the biomaterial[136]. Three of the most 
commonly used mineral supplemented matrices in BTE are calcium phosphate 
ceramics, tricalcium phosphates and hydroxyapatite. These mineral compounds show 
adequate biocompatibility and suitable osteoconduction and osseointegration 
properties[256]. In one of these biomimetic approaches, a composite hydrogel of type I 
collagen and hydroxyapatite could enhance osteoblast differentiation[257] and 
accelerate osteogenesis[258]. Alginate hydrogels blended with hydroxyapatite were 
reported to support the adhesion and proliferation of osteosarcoma MG-63 human cell 
line. The system showed at the same time adequate structural and physical-chemical 
properties for being used as scaffolds in BTE strategies but it is not injectable[259]. 
I must be noted that, in general, the mechanisms of interaction between hydrogel 
networks and the supplemented inorganic particles still need to be elucidated in depth. 
Data about in vivo applications of these systems are still limited, making necessary 
further comprehensive studies on the long-term performances, cytotoxicity, 
biocompatibility, biodegradability and osteogenic activity of such composite hydrogels 
under in vivo conditions to confirm the promising properties of this class of materials for 
BTE[260]. 
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Cellularised hydrogels can also be used as fillers of degradable porous polymeric 
structures serving as bone grafts that temporarily bear loads. Heo et al., for example, 
have recently combined 3D-printed polymeric porous microstructures with photo-curable 
gelatin hydrogels laden with adipose-derived stem cells (hASCs) that demonstrated 
osteogenic capability in vitro[261]. 
3.4. Choosing and preparing cells for BTE 
3.4.1. The different cell types used for BTE 
Regenerating bone in areas where no/few suitable progenitor cells are available to 
differentiate and synthesize and deposit an osteoid matrix requires the input of 
exogenous cells which, associated with an appropriate scaffold and other factors, will 
differentiate into functional osteoblasts, the primary actors of bone formation. The choice 
of the source of osteoblast progenitors and the procedure used to isolate, amplify and 
prepare them before seeding the 3D scaffold and grafting the construct in the host site 
have significant consequences on the efficiency of the BTE product. This choice must 
consider several parameters and will usually result from a compromise between 
advantages and drawbacks.  
3.4.1.1. Adult mesenchymal stem cells 
Mesenchymal stromal cells (MSCs) are the most widely used stem cells for BTE 
applications. This statement is supported by the large predominance of publications 
where the keywords “bone tissue engineering” are associated with the word “MSCs” 
(5539 articles and 700 reviews found in Pubmed[262]) over association with other cell 
types (492 articles and 181 reviews for embryonic stem cells and191 articles and 66 
reviews for induced pluripotent stem cells). Moreover, there are currently 24 clinical trials 
ongoing for the treatment of bone fractures that use MSCs whereas none is so far 
reported using embryonic stem (ES) or induced pluripotent stem cells (iPSCs)[263].  
MSCs used for BTE have been obtained from several tissues and organs, including bone 
marrow[129], adipose tissue[264,265], amniotic fluid[266], dental pulp, or Whartons’s 
jelly[267]. A specific and selective cell surface marker for the MSC has yet to be 
determined, but these cells are typically identified by their expression of CD90, CD105, 
CD73, and CD146, and absence of CD45, CD34, CD14, CD11b, CD79a, CD19, HLA-
DR. Without clear markers for cell sorting, the International Society for Cellular Therapy 
has proposed a set of basic requirements for a cell to be classified as a MSC. MSCs are 
defined as a plastic culture adhesive cell with the ability to generate a colony-forming 
unit and differentiate into bone, cartilage, and adipose tissues[268]. 
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MSC from different origins show important similarities in their transcriptome profile, but 
significant differences in the expression of a subset of genes have been 
observed[269,270]. These differences in gene expression have not been correlated with 
functional differences, but clearly demonstrate that MSC identity depends on their origin, 
and suggest that the origin may explain the phenotypic differences observed upon in 
vitro and in vivo manipulation of these cells. Several studies have reported differences 
in proliferation and differentiation capacity of MSC according to their tissue origin, when 
they are grown in identical conditions in vitro. Concerning proliferation capacity, no 
consensus emerges, some studies reporting for instance a higher proliferation rate for 
bone marrow MSCs (BMSC) over adipose derived stem cells (hASC)[271], others 
showing the opposite behavior[272]. The differentiation potential under identical culture 
conditions yields a clearer picture, with a significantly higher osteoblastic differentiation 
potential for BMSC over hASC for instance, reported by many studies under different 
micro-environments[271,272]. The more recently characterized dental pulp-derived stem 
cells exhibit superior osteogenic properties as compared to the two previously 
mentionedMSC subsets and this increased capacity to differentiate into osteoblasts has 
been correlated with improved bone formation in vivo[273]. The capacity of MSCs to elicit 
endothelial cell differentiation is limited regardless of MSC origin, however BMSCs seem 
to have a higher potential[274]. 
At this point the choice between these different sources of MSCs may be determined not 
only according to the differentiation capacities but to the easiness of cell harvesting and 
amount of cells that can be collected. In this respect, adipose tissue should be ranked 
first, for its easy access and high proportion of MSCs within the stromal vascular fraction, 
obtained by digesting the fat and concentrating the remaining cells. Isolation of cells from 
dental pulp, although the proportion of MSCs is very high, requires wisdom tooth 
extraction, which is not really applicable to most patients. Other sources of stem cells 
are also compromised by the difficulty to obtain them or by their low quantity, and are 
therefore likely to remain models used in fundamental research for the studies of stem 
cell differentiation and repair capacity, without real therapeutic applications. For instance, 
MSCs from cortical bone show a very high osteoblast differentiation capacity and in vivo 
osteogenic potential[275], but the difficulty to obtain them rules them out any therapeutic 
perspective. Likewise, periosteal stem cells are perhaps the most relevant to bone 
regeneration since they are the primary source of cells that heal the fracture[276], but 
these cells are unlikely to play a significant role in therapeutic strategies since periosteal 
stripping could negatively impact normal bone homeostasis and cause donor site 
morbidity. These cells are also difficult to access and available in low quantity. 
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Two major drawbacks of MSCs are heterogeneity[277] and donor-dependent 
variability[278]. A promising route to improve the efficiency of MSCs is to select and 
isolate specific sub-populations, using cell sorting based on specific markers[279,280]. 
For instance, a recent study by König et al showed the superior bone forming capacity 
of CD146+ pericytes from fat tissue[281]. However, this selection procedure is likely to 
reduce the amount of cells produced from the biopsies and available for clinical 
applications. 
In addition to their osteoblast differentiation capacity, MSCs play an important role in 
regulating inflammation and have a trophic function in stimulating tissue 
regeneration[282]. The immunomodulatory role of MSCs plays a critical role both in 
normal healing and in therapeutic approaches. Immunomodulation by the MSCs is 
accomplished by secretion of immunosuppressive and anti-inflammatory cytokines, such 
as interleukin-10, nitric oxide and prostaglandins. MSCs can also regulate T-cells in an 
antigen-independent manner through the suppression of the primary and secondary T-
cell responses by inhibiting cell proliferation. MSCs also promote a local healing 
response by stimulating proliferation and differentiation of resident stem cell populations, 
reducing fibrosis, and inhibiting adverse apoptosis. MSCs secrete several cytokines such 
as TGF-β, stem cell factor (SCF), insulin-like growth factor (IGF), epidermal growth factor 
(EGF), and granulocyte and macrophage colony stimulating factors (G/M-CSF). Taken 
together, the immunosuppressive and trophic capabilities of MSCs are powerful and may 
play an important part in the tissue regeneration process. Of particular interest is how 
MSCs appear to have a lasting therapeutic effect despite a transient persistence after 
engraftment. Indeed, a major limitation of MSCs is their short lifespan after implantation. 
In many studies where MSC number is monitored, more than 90% of the grafted cells 
die within 14 days[283,284]. Anoikis has been shown to be a major cause of cell death 
when cells do not adhere to the matrix to which they have been associated[285]. 
Ischemia is another major cause for the death of grafted cells[286], and the association 
of oxygen carriers to BTE constructs has been shown to improve survival and the bone 
regeneration capacity of the cells[287,288]. The availability of glucose is another key 
parameter, and combinations of low glucose and low oxygen result in severe cell 
loss[289,290]. 
3.4.1.1.1. Influence of the procedures used for isolation, 
maintenance and conditioning of MSCs 
The production of cells from human tissues involves several steps. The isolation 
procedure involves mechanical action, sometimes enzymatic digestion, and always an 
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abrupt change of the physical and biochemical environment. Indeed, cells are suddenly 
transferred from a soft and relatively hypoxic micro-environment in their tissue of origin, 
into a solution under 21% oxygen during the time of dissociation, and then transferred 
again onto a very stiff plastic culture dish, in a special culture medium. Modification of 
matrix stiffness[291–293] and oxygen concentration[294] have been extensively shown 
to critically affect cell phenotype. The transient exposure of cells to a very stiff substrate 
(such as plastic) has been shown to favor osteoblast differentiation, that was maintained 
even after cells were transferred to a softer substrate, such as 3D matrices for 
implantation[291].Following this stressful treatment, they will be usually grown for several 
days, and will often have to undergo a few passages, involving cycles of trypsinization 
and re-plating. Although the consequences of each of these steps have not been 
examined thoroughly, some studies report significant consequences of the procedures 
used to isolate and grow cells prior to their embedding in the host 3D matrix which will 
be used for engraftment. The protocols used for harvesting MSCs from bone has been 
shown to affect their capacity of differentiation towards osteoblasts[295]. Plating and 
passages have been shown to alter the pattern of expression of several surface 
markers[296] and more generally affects their transcriptome[297]. Such modifications 
seem to affect the capacity of MSCs, once seeded into a 3D matrix and implanted in host 
tissues, to differentiate into osteoblasts and, most importantly, to efficiently produce a 
bone matrix[298]. Interestingly, treatment of cells with melatonin during this expansion 
period, has been proposed to preserve their differentiation capacity[299]. Given the loss 
of performances of MSCs upon long-term culture, it is advisable to reduce the number 
of passages (usually MSCs undergo less than 5 passages before engraftment), although 
a compromise must be found between a large number of cells, requiring prolonged 
amplification, and maintenance of therapeutic efficiency of cells. A recently proposed 
alternative to expansion in 2D culture of MSCs is their growth as spheroids. MSCs 
spontaneously associate to form these structures when they are grown on a low-
adhesive substrate. These structures evolve within hours from a loose aggregate 
towards a compact sphere. Interactions between cells are much more abundant in these 
structures than in 2D cultures, and cells are exposed in different environments according 
to their position within the spheroid. Several studies have shown that the phenotype of 
MSCs in spheroids differs in many aspects from the one of cells grown in 2D: stemness, 
differentiation capacities, immune-modulatory and anti-inflammatory effects are 
enhanced in 3D aggregates[300]. In terms bone regeneration potential, spheroids have 
been shown to favor osteoblast differentiation, especially in the absence of 
osteoinductive factors in the culture medium. They also exhibit increased secretion of 
VEGF, potentially favoring the vascularization of newly formed bone[301]. 
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3.4.1.2. Human ES cells and iPSCs 
The capacity of human embryonic stem (ES) cells to produce bone matrix has been 
tested with different protocols and scaffolds. Two strategies have been explored, the 
direct differentiation of ES cells towards osteoblasts, or the prior differentiation towards 
MSCs, yielding ESC-derived MSCs, which were subsequently driven towards the 
osteoblastic lineage[302]. Direct differentiation of ES cells to osteoblasts was achieved 
using osteoinductive scaffolds and the classical osteogenic culture medium. Studies 
have shown a higher proliferation rate with ES cells than with MSCs, favoring the 
colonization of the scaffold[284]. However, ES cells show notable tumorigenic properties: 
they are characterized by high telomerase activity (which leads to potentially infinite 
proliferation) and are known to form teratomas[303,304]. Nonetheless, ES cells handling 
is surrounded by several ethical issues due to their embryonic provenance, thus making 
improbable their use in bone defects treatment, at least in the near future. 
The use of induced pluripotent stem cells (iPSCs) for BTE has emerged after the initial 
description of the reprogramming of different human somatic adult cells[305]. In order to 
avoid tumorigenic potential of these cells, they have to be pre-differentiated towards the 
mesoderm lineage before being implanted. This can be achieved either via the formation 
of intermediary embryoid bodies or directly from isolated cells[306]. In all cases, different 
osteogenic media were used, either supplemented with β-glycerol phosphate, ascorbic 
acid and dexamethasone, or with growth factors such as TGF-β, insulin growth factor-1 
(IGF-1), basic fibroblast growth factor (FGF-β), or BMP-2, and they showed to enhance 
the osteogenic capability of iPSCs. The types of scaffolds used to grow, differentiate and 
implant iPSCs were not different from those used for MSC, including natural or synthetic 
polymers, combinations of both, sometimes combined with an osteo-conductive 
hydroxyapatite component[307]. An important issue, as for MSCs, was to compare the 
osteogenic capacity of iPSCs according to their tissue of origin. A few studies report 
improved osteogenic properties of iPSCs derived from bone marrow stromal cells as 
compared with other sources, both in vitro and in vivo[308]. Although cells generated 
from bone marrow exhibited a higher osteogenic potential, all sources were used 
successfully to produce bone tissue. Several studies have also shown that bone 
formation could be obtained either by the direct use of iPSCs or via prior formation of 
embryoid bodies[309]. These cell sources seem promising but it remains to be checked 
that implanted cells do not form teratomas on the long term. 
The great advantage of using iPSCs or ES cells compared to MSC is that these 
pluripotent cells can be grown for a considerable period before differentiation is induced. 
They maintain their pluripotent property during this amplification step, and only 
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afterwards can they be induced towards the osteoblastic differentiation 
pathway[310,311]. Besides, it is possible to generate different specialized cell types from 
a single source of iPSCs, enabling the design of more complex TEPs. For instance, Jeon 
et al have shown that co-implanting osteoblasts and osteoclasts obtained from iPSCs in 
a HA-coated poly(lactic-co-glycolic acid)/poly(L-lactic acid) scaffolds matrix elicited 
enhanced ectopic bone formation[312]. 
3.4.2. Creating an environment to favor angiogenesis 
The efficiency of the tissue engineering products largely depends on their capacity to be 
rapidly colonized by blood vessels to ensure oxygen and nutrient supply to the 
embedded cells. Consequently, several strategies have been developed to favor 
angiogenesis around and within the implanted tissue engineering constructs. Two types 
of factors determine the efficiency of blood vessel colonization of the scaffold: (i) the 
macroporosity, which must be sufficient to enable the progression of new blood vessels 
and, as described above, largely depends on the structure of the hydrogel; and (ii) the 
angiogenic potential of the scaffold itself. This potential can be enhanced by the release 
of angiogenic growth factors by the scaffold (or by their secretion by the embedded cells). 
Vascular endothelial growth factor (VEGF) is a potent angiogenic factor[313]. This 
protein is produced by several cell types including MSCs[314], but the secretion of VEGF 
by these cells largely depends on the amount of grafted cells, culture conditions[315–
317], tissue origin [274]and other environmental factors, limiting its potential role in neo-
angiogenesis. A few studies have addressed the possibility to deliver VEGF at the site 
of implantation of biomaterials to stimulate angiogenesis from the host tissue, either 
alone or in combination with other growth factors such as BMP-2[318]. The results 
obtained with these strategies show a limited positive effect of VEGF on the amount and 
quality of newly formed bone. This modest input by VEGF may be due to the fact that 
VEGF efficiency is dependent on several parameters such as spatial distribution, 
association with matrix proteins and time-dependent availability[319]. Consequently, 
strategies aimed at controlling the release of VEGF have shown improved efficiency[320] 
but they should be further developed. Some of these limitations may be also overcome 
by the use of transgene-mediated VEGF production[318], but this requires the prior 
infection or transfection of cells before their association with the scaffold, a procedure 
that raises additional safety and regulatory issues for therapeutic applications. 
An alternative to the use of growth factors to promote angiogenesis is to incorporate 
endothelial cells or endothelial cell progenitors in the hydrogels, eventually in 
combination with other cell types such as MSCs or with growth factors. Two types of 
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endothelial cell sources are essentially used: mature endothelial cells generally isolated 
from umbilical cord vein (HUVEC) or endothelial progenitor cells (ECP) isolated from 
blood. Because of the possibility to isolate EPCs from the patient to perform autografts, 
EPCs represent a more attractive source of cells and are therefore preferred in most of 
recent studies. EPCs alone, when associated to different scaffolds and implanted in 
different tissues, have been shown to trigger angiogenesis[267,321]. However, they do 
not promote bone formation by themselves. Co-culture followed by co-implantation, or 
direct co-implantation of MSCs and EPCs have been shown to result in enhanced 
osteogenesis, as compared with MSCs alone, but not to significant differences in 
angiogenic properties of EPCs alone. These studies support the notion that MSCs do 
not enhance the capacity of EPCs to make new blood vessels. Instead, they show that 
EPCs potentiate the capacity of MSCs to elicit bone formation[322]. Noteworthy, some 
studies have shown that using differentiated osteoblasts instead of un-differentiated 
MSCs in co-culture with endothelial progenitors favored blood vessel formation[323]. 
Moreover, osteoblasts have been shown to stimulate angiogenesis by the host 
tissue[324,325]. It is however difficult from the available data to determine whether bone 
formation is increased because more blood vessels irrigate the scaffold and favor cell 
viability and function, or whether this synergy results from early, direct cell-cell 
interactions between MSCs and EPCs. Several in vitro studies have shown direct 
interactions between these two types of cells, both in 2D[326] and in 3D cultures[327], 
and stimulation of MSC differentiation towards the osteoblastic phenotype. Thus, contact 
between both cell types during the pre-culture period or within the scaffold upon 
implantation is probably mandatory to promote increased bone formation.In this context, 
a new approach consists in the generation of scaffolds integrating osteogenic and 
angiogenic niches in the hydrogel structure. Photolithography was used by 
Kazemzadeh-Narbat et al. to control the photocrosslinkable hydrogel stiffness and the 
patterned distribution of ECs, MSCs and preosteoblasts, allowing to obtain, in vitro, 
mineralized regions surrounded by organized vasculature[328]. The interesting results 
reported in this proof-of-concept study, performed on a construct with planar geometry, 
are very promising for the translation of this approach to more complex shapes and for 
the possible application for treatment of bone defects. 
3.4.3. Pre-conditioning cells before engraftment 
Cell fate is determined by the combination of several biophysical and biochemical 
parameters[329]. Usually, cells are amplified on tissue plastic dishes in a basal, non-
osteogenic medium. However, after embedding into the implantable 3D scaffold, cells 
can be submitted to very different micro-environments, which significantly affect their in 
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vivo fate[330]. The parameters of this environment include the following options: 
incorporation of growth factors, using either the scaffold itself as delivery system, or using 
intermediate carriers such as nanoparticles[331]; the incorporation of hydroxyapatite 
particles with different physical characteristics; pre-differentiation, or not, before 
implantation; perfusion of the cellularized scaffolds in bioreactors; control of oxygen 
concentration. Combinations of the above-mentioned parameters offer the possibility to 
create an infinity of different micro-environments.  
Whether or not, cells should be pre-differentiated before their implantation is an important 
issue. Pre-differentiating MSCs towards osteoblastic lineage has been shown to improve 
their bone formation potential, but also their survival after engraftment[332]. However, 
some studies have shown that this pre-differentiation step reduces their intrinsic 
angiogenic properties[333]. When grown as spheroids, MSCs have an enhanced 
capacity to differentiate into osteoblasts without osteogenic culture medium, however the 
capacity of these structures to elicit bone regeneration is limited[334]. Although it may 
improve cell efficiency, pre-differentiation implies prolonged culture time and hence 
increased risks of contamination and mutations, and higher costs, all parameters which 
are not desirable for therapeutic applications. Therefore, association with osteogenic 
growth factors, culture in hypoxic conditions or short-term mechanical stimulation are 
promising alternatives which are presented herein below. 
3.4.3.1. Growth factors 
As described above, prominent growth factors involved in bone formation and repair are 
TGF-β, BMPs, FGFs, EGF, IGFs, PDGF. Growth factors of the TGF-β super family such 
as BMPs induced primary signal to upregulate mineral-depositing osteoblasts 
diferenciation from pluripotent cells wich are present within scaffold or in the host 
tissue[335]. Moreover, BMP-2 and BMP-7 are approved by FDA to be used in 
treatements of spinal fusions and long-bone fractures in association with a collagen 
carrier[336]. The main limitations of the use of BMP2 are the use of supraphysiological 
doses which may lead to complications such as immune reactions, formation of ectopic 
bone tissue and oedemas[337,338]. To overcome these limitations one strategy is to use 
hydrogels to sequester the growth factors and slowly release them in the site of morbidity 
for the upregulation of suitable cellular activity. Among the various strategies proposed 
there is for example the functionalization of hydrogels with heparin because of its affinity 
for BMP-2[339,340]. Such systems aim at preventing burst release and favor sustained 
release of BMP-2 to promote mineral deposition within the injured site[136]. 
Thermosensitive hydrogels are also good candidates because they allow to incorporate 
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BMP-2 by simply mixing it at the liquid polymer phase before gelation in situ at 
physiological temperature. Seo et al. have shown the ability of injectable thermosensitive 
polymeric nanoparticle hydrogels to efficiently carry and release BMP-2 in a sustained 
and controlled fashion both in vitro and in vivo. They also showed that, in vivo, hydrogel-
carried BMP-2 was able to promote new bone generation and infiltration of 
bone/progenitor cells from the surrounding tissues within the hydrogel without 
inflammatory responses upon each injection[336]. Although BMP-2 by itself has always 
shown strong osteogenic potency, there is still debate about its effects on exogenous 
grafted cells in tissue engineering products. In fact, BMP-2 remains the most widely 
studied factor, with a significant action on the survival and differentiation of MSCs[341], 
however, dependently on the tissue of origin of MSC, there are discrepant results 
concerning the effects of BMP-2. For instance, the efficiency of BMP-2 on hASCs is 
controversial, some studies reporting a significant osteogenic effect[342–344], others 
showing no effect at all[345]. The action of BMP-2 is more consensual on BMSCs, with 
positive effects on cell survival in vivo[335], and on bone formation. BMP-2 has also been 
shown to stimulate bone formation by human ES cells[346] and iPSCs[307]. 
As an alternative to BMPs, other growth factors within the above-mentioned list, 
individually or in combinations, have been shown to have positive effects on MSC 
survival or MSC-mediated bone formation, such as EGF[347], TGF-β and FGF[348] and 
PDGF[349]. Some bioactive small molecular weight compounds have also been shown 
to favor stem-cell mediated bone formation. For example, some studies report an 
osteogenic effect of icariin[350] or simvastatin[351] loaded inside cellularized BTE 
scaffolds. 
A more recently identified family of molecules that may be used to induce MSC 
differentiation towards osteoblasts is microRNAs (miRNA)[352]. miRNAs are short single 
strand non-coding molecules of RNA (between 18 and 24 nucleotides long) acting in the 
cytoplasm as gene inhibitors and used by cells to regulate the expression of many genes 
by RNA interference[353]. Several gene delivery techniques and approaches can be 
employed to ferry miRNA to cells and this approach appears to be a promising tool to 
stimulate in vivo bone formation in the presence of MSCs[354,355]. Enhancement of 
osteogenic or angiogenic properties of MSCs has been achieved by introducing in these 
cells plasmids or adenoviruses encoding for the expression of growth factors such as 
BMP-2 or angiopoietin[356], respectively. Although these tools have been proved to be 
usually more efficient that soluble factors[357] because they allow a continuous, long-
term delivery of the active proteins, therapeutic applications are likely to be hindered by 
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risks associated with the introduction of exogenous nucleic acid sequences in grafted 
cells. Transient transfection of siRNAs may be more acceptable and has been shown to 
improve MSC performances[358]. 
3.4.3.2. Oxygen control 
Since stem cells are amplified in 21% O2 atmosphere before being grafted into a tissue 
where O2 concentration drops to 3-5%, a tempting strategy is to pre-condition them so 
that they can adapt their metabolism to improve their survival and performances once 
implanted in the harsh tissue environment, at least until neo-vascularization restores 
normal nutrient and oxygen supply[359]. Pre-conditioning of MSCs by growing them in 
hypoxic conditions has shown some benefits on MSC survival and on some of their 
physiological properties[360], but to our knowledge, these strategies have not been 
explored in the context of in vivo bone formation or bone defect repair. An alternative 
strategy to help cell surviving the in vivo hypoxic environment is to provide them with an 
extra oxygen store using synthetic oxygen carriers, which can slowly release oxygen 
transiently until vascularization is restored[287,288]. This strategy has been shown to 
enhance bone formation by implanted MSCs.  
3.4.3.3. Mechanical stimulation 
Whereas cells are commonly grown in vitro on 2D platforms and under static conditions, 
a number of studies have shown that growing MSCs in 3D matrices, and in addition 
under mechanical stimulation, considerably modifies their phenotype as compared to 
classical 2D culture. Different types of mechanical stimuli can be applied to the cell-
containing scaffold. It is possible to apply compressive or tensile loads with defined 
strength and frequency to the scaffold, resulting in the deformation of its structure and 
modification of cell adhesion. The effect of compressive loads has been shown to be 
positive on the in vitro differentiation of MSCs towards osteoblasts[361], but its impact 
on in vivo performances remains unexplored. Another type of stimulation consists in 
perfusion of the cellularized scaffolds with culture medium in bioreactors, controlling flow 
rate and pressure. Submitting embedded cells to fluid flow has been shown to enhance 
their osteoblastic differentiation and bone formation[362]. Even a short session of fluid 
perfusion has been shown to increase osteoblast maturation[363]. Such perfusion 
systems have also been shown to be effective to produce MSCs, and subsequently 
osteoblasts, from human ES cells and iPSCs[364]. These mechanical treatments are 
however difficult to reproduce in all laboratories as the fine control of all the parameters, 
which considerably influence the effect on cell phenotype, heavily depends on the type 
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of equipment used to generate and control the flow. In addition, their benefit for the in 
vivo efficiency of MSCs is still not convincingly documented[365]. 
3.4.3.4. Contribution of exogenous versus host cells in tissue 
regeneration 
Many combinations of scaffold/stem cells/growth factors have proved to be osteogenic 
and to promote bone defect repair. The benefit of the presence of stem cells within the 
implanted scaffold has been also demonstrated in a large number of studies. However, 
one key question is how grafted cells contribute to tissue regeneration. In terms of 
experimental data, two question can be formulated: “what percentage of the initially 
implanted cells are still present within the newly formed tissue at the end of the 
experiment (when new tissue has been formed), and what is their differentiation status?” 
and “what is the percentage of exogenous versus host cells which participate in the 
construction of the new tissue? These data are usually not available from the published 
work. In some instances however, careful quantification of human stem cells and of host 
mouse cells has been achieved in the biopsies, and provides interesting clues. In a 
recent study, Nuschke et al. have analyzed the effect of EGF, tethered to tri-calcium 
phosphate particles and embedded in a collagen matrix, together with primary 
BMSCs[347]. They report a positive effect of EGF on the survival of exogenous cells. 
But this study also shows that the proportion of exogenous cells is very low (less than 
10%), as compared to host cells, and decreases over time. These observations suggest 
that new tissue is not built primarily by exogenous MSCs, but essentially by endogenous 
cells. These observations support an indirect, paracrine effect of MSCs. In contrast, 
some studies provide convincing evidence for the direct involvement of the human 
grafted cells, supported by the deposition of human collagen[366]. Two major differences 
can be noted between both models: in the first study, BMSCs were directly implanted 
without any pre-culture, whereas in the latter, the construct containing ASCs was 
incubated for 14 days in an osteogenic medium. Both MSC types were seeded on a β-
TCP scaffold. Although it is difficult to draw conclusions from this unique comparison, 
one can speculate that the fate of implanted cells is likely to be affected by the pre-
conditioning, in particular submission of the tissue engineering product to a pre-culture 
or not, and the conditions used for this pre-culture. Another study shows that iPSCs, pre-
differentiated into osteoblasts, efficiently promote bone formation and can be 
quantitatively found after several weeks[367]. A study by Binder et al compared MSCs 
implanted after culture either in basal or in osteogenic medium, and observed a very 
significantly higher survival when cells were pre-cultured in osteogenic medium. In 
parallel, bone formation is also increased in these conditions[368]. 
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3.5. Conclusions and future direction 
From the current review, some conclusions can be drawn but many questions are still 
pending. 
Raising the issue of an ideal “carrier” or “scaffold” for bone repair cells seems at the 
moment a non-sense, because in fact the definition itself of such a perfect material is not 
univocal. According to the type of bone defect, (anatomical location, size, shape) and to 
the quality of the surrounding tissues, which depends on the cause of the bone damage 
but also on several of the patient’s physiological parameters, different materials could be 
the best choice. Many types of hydrogels have been shown to have osteoinductive and 
osteogenic properties in the presence of cells and growth factors, but their translation to 
clinical application relies on other parameters such as injectability, biocompatibility, 
mechanical stability and biodegradation rate. These properties may certainly have to be 
adapted to the specific therapeutic application and, as mentioned above, patient-
dependent parameters should be taken into account. Hydrogels appear as the systems 
of choice for cell transplantation and many recent studies have pointed out that 
combinatorial approaches, employing blends of natural and/or synthetic polymers with 
different properties, are the right way to follow to overcome the limitations of classical 
hydrogel-forming materials, even if controlling at the same time relevant hydrogel 
parameters such as mechanical properties, degradability, porosity, biocompatibility and 
bioactivity is hardly possible. In addition, the incorporation of calcium phosphate 
particles, mimicking the inorganic phase of bone ECM, has been very often shown to 
confer improved osteoconduction and osteoinduction to the scaffold but also osteogenic 
potential to the grafted cells. One of the greatest challenges in hydrogel-based systems 
for BTE remains the achievement of suitable mechanical properties for the treatment of 
load-bearing defects. The possibility of designing scaffolds by 3D printing techniques will 
certainly enable to better control the structural, and hence mechanical and biological 
properties of the products. However, the success of these new approaches in bone 
tissue regeneration largely depends on the capacity of the researchers to model the 
scaffold they want to produce, and hence to be able to establish clear structure-
bioactivity relationships. This is a complex challenge, and whereas so far some success 
has been met at the in vitro level, the ability to design structures that will be able to fulfill 
their function once in the complex in vivo environment is still far ahead. Composite 
systems, combining hydrogels with solid phases (e.g., degradable polymeric structures, 
bioceramics), are another promising alternative since they can provide synergistic 
biological activity together with mechanical reinforcement, but their actual in vivo 
potential still need to be explored. 
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If the choice or design of the best scaffold is not easy, choosing the best cell source and 
the best way to handle and prepare them is another challenging issue. In addition to pure 
efficiency criteria, the choice of the cell source should take into account also cell 
availability, costs associated to cell expansion and pre-conditioning, safety issues and 
also ethical concerns Ethical issues are essentially related to the use of embryonic stem 
cells that, despite their many practical advantages and their almost unlimited potential, 
cannot be considered at the moment the cell type of choice. iPSCs suffer from difficult 
handling and insufficient proof of safety, but the rapid development of knowledge and 
techniques on these cells should rapidly overcome these limitations. Considering all the 
adult stem cell sources, there are only minor differences in cell survival, osteoblastic 
differentiation capacity and bone forming activity, based solely on the origin of the cells 
used. These differences can be smoothed by the association with appropriate growth 
factors, co-embedded with cells and released in a controlled manner by the use of 
different delivery systems. In conclusion, the choice of the cell source may be governed 
by practical issues such as availability and costs, but also adapted to the patient’s health 
status and physiological characteristics. For instance bone marrow, adipose tissue, and 
dental pulp represent three major sources of autologous MSCs, and the choice of the 
donor tissue may be patient-dependent. iPSCs, which also show a high degree of patient 
donor-dependency, should probably be tested for their efficiency before engaging into a 
long-lasting and probably expensive process. In this context, the identification of markers 
that would predict the potential of different adult cells from various tissues to generate 
highly efficient iPSCs could help making the best choice. 
If different stem cells are eligible as bone repair cells, very little is known about the 
mechanism by which they contribute to the bone regeneration process.  
In vivo cell survival is still poorly investigated, and very few studies have addressed this 
question in a quantitative manner. Survival clearly seems favored by pre-culture in an 
osteogenic medium, and this prolonged life time is associated with improved bone 
formation, suggesting that abundant functional cells are necessary to obtain efficient 
bone regeneration. The drawback of such procedure is its costs and the risks of genetic 
alterations upon prolonged culture. The co-grafting of undifferentiated cells combined 
with the controlled release of osteogenic growth factors is undoubtedly a promising 
alternative to extensive pre-culture. 
A lot of work has yet to be done to characterize the role and the fate of grafted cells. 
Imaging tools to follow the fate of implanted cells, to localize them and more importantly 
to quantify them, are available or under rapid development[369]. The interplay between 
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exogenous and resident cells is another poorly explored question, and the rich 
secretome of MSCs certainly plays a major role in the recruitment, maturation and 
organization of the resident cells within the regenerating tissue. A better knowledge of 
cell behavior upon transplantation will be pivotal in drawing guidelines for the design of 
hydrogel-based systems with mechanical, structural and biological properties optimized 
for osteogenesis. 
Finally, the issue of a rapid and efficient vascularization of the grafted TEPs remains one 
of the most challenging. Endothelial cells or their progenitors and angiogenic growth 
factors have proved to be efficient in eliciting the formation of new blood vessels. But the 
anastomosis of these newly formed vessels with those of the host, and the quality and 
function of this neo-vasculature are far from being optimal. In this respect, 3D printing 
technologies might bring a decisive input, because they allow not only the construction 
of perfectly controlled scaffold structures (with interconnected pores to allow vessel 
invasion), but also the printing of endothelial cells progenitors with high resolution, in 
order to favor the rapid formation of capillaries within the macroscopic bone tissue 
engineering scaffold. Unfortunately, the use of 3D printing is not compatible with the 
injectability of the system.  
Concluding, multicomponent composite systems appear as the new generation of 
hydrogel-based systems, where incremental improvements obtained in the past 
research can be merged synergistically. However, it is quite apparent that combining all 
the desired properties in “ideal” cellularised scaffolds is a utopia and compromises need 
to be done in their conception. The future solutions to bone repair challenges might come 
from the application of complementary technologies and techniques based on the 
precise control, at different scales, of the organization of osteogenic and angiogenic 
actors in a single, highly structured scaffold where accurately selected and 
preconditioned cells can find a suitable physiological-like environment to guide bone 
tissue regeneration. 
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4.1. Résumé 
L’ingénierie tissulaire est une alternative prometteuse aux autogreffes, aux allogreffes 
ou aux biomatériaux pour le traitement des lésions osseuses de tailles critiques. 
Généralement les produits d’ingénierie tissulaire associent un échafaudage et des 
cellules et sont implantés ou injectés au sein de la lésion. Les cellules doivent être 
intégrés au sein de l’échafaudage biocompatible et approprié afin d’offrir un 
environnement favorable à leur survie et leur différenciation en cellules osseuses. Au 
cours de nos travaux, nous avons développé un hydrogel composite par l’association 
d’un hydrogel de collagène de type 1, une protéine de la matrice extracellulaire 
largement utilisée dans plusieurs applications thérapeutiques, avec un hydrogel 
synthétique généré à partir d’une molécule amphiphile. Cet hydrogel composite a 
présenté des propriétés mécaniques et biologiques améliorés par rapport à celles 
présentées par chacun des hydrogels utilisés individuellement. L’incorporation de 
l’hydrogel synthétique participe à limitation de l’effet de compaction de l’hydrogel de 
collagène et a augmenté le module élastique de l’hydrogel. L’hydrogel composite a 
permis l’adhésion, la survie et la prolifération cellulaire in vitro et in vivo. De plus, il a 
favorisé la différenciation des hASCs en l’absence de facteurs ostéogéniques. In vivo, 
les cellules ensemencées au sein de l’hydrogel composite et injectées par voie sous-
cutanée chez la souris ont produit un tissu lamellaire et se sont différenciées en 
ostéoblastes. Cette étude présente ce nouvel hydrogel composite comme une 
échafaudage prometteur pour une application en ingénierie tissulaire osseuse. 
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Abstract 
Tissue engineering is a promising alternative to autografts, allografts or biomaterials to 
address the treatment of severe and large bone lesions. Classically, tissue engineering 
products associate a scaffold and cells, and are implanted or injected into the lesion. 
These cells must be embedded in an appropriate biocompatible scaffold, which offers a 
favourable environment for their survival and differentiation. Here, we designed a 
composite hydrogel composed of collagen 1, an extracellular matrix protein widely used 
in several therapeutic applications, which we associated with a physical hydrogel 
generated from a synthetic small amphiphilic molecule. This composite showed 
improved mechanical and biological characteristics as compared with gels obtained from 
each separate compound. Incorporation of the physical hydrogel prevented shrinkage of 
collagen and cell diffusion out of the gel, and yielded a gel with a higher elastic modulus 
than those of gels obtained with each component alone. The composite hydrogel allowed 
cell adhesion and proliferation in vitro, and long-term cell survival in vivo. Moreover, it 
promoted the differentiation of hASCs in the absence of any osteogenic factors. In vivo, 
cells embedded in the composite gel and injected subcutaneously in immuno-deficient 
mice produced lamellar osteoid tissue and differentiated into osteoblasts. This study 
points this new composite hydrogel as a promising scaffold for bone tissue engineering 
applications. 
Keywords 
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Introduction 
Bone injuries and defects are serious health problems, especially those caused by 
complex fractures or bone defects arising from malformation, osteoporosis and tumors. 
Severe bone lesions cause hundreds of millions of surgical procedures each year around 
the world. Lesions which are too large to self-heal require the use of autografts, allografts 
or grafting of exogenous biomaterials which ensure mechanical stability and provide the 
appropriate environment for efficient healing[136,137]. However, autographs are often 
associated with tissue morbidity and present limitations in terms of the obtention of 
sufficient tissue, and immunogenic rejection and risk of infection are still an unsolved 
question in the case of allografts[138]. In the case of the use of biomaterials and bone 
substitutes, limitations have been reported related to poor vascularization leading to poor 
integration and insufficient bone repair. As such, in some cases, the biomaterial alone is 
insufficient and exogenous cells must be associated to the biomaterial, as to further 
support bone regeneration. Moreover, solid biomaterials such as ceramics do not easily 
fit the size and shape of the defect. 
Mesenchymal stromal cells are of considerable interest for many therapeutic applications 
including repair of damaged tissues, restoration of infarcted heart areas, or anti-cancer 
therapy[370,371]. These cells exert two types of effects: they can directly take part as 
building block in tissue regeneration, or they can stimulate a number of host responses 
which ultimately favor tissue repair or, in the case of cancer, inhibit tumor growth. The 
latter effect is due to the secretion by these cells of a large number of cytokines and 
growth factors which can have immuno-modulatory, angiogenic and chemotactic 
effects[371–375]. In the case where MSCs must be grafted locally, as to exert their 
therapeutic effect, their efficiency largely dependents on their capacity to persist over a 
sufficient period within the site of implantation or injection. Additionally, many 
experimental studies in rodents have shown that MSCs have a short life span after, their 
engraftment, with commonly less than 10% of the grafted cells still present and alive as 
early as 10 days post grafting[283,284,376,377].  
As such, the design of a biocompatible scaffold that allows MSCs survival, hinders their 
diffusion and drives their differentiation towards the desired cell type is therefore an 
important challenge to improve the efficiency, and eventually broaden the field of 
application of these cells. In this context, injectable hydrogels for application in tissue 
engineering, in the field of orthopedic sciences, produces many benefits[155]. 
Therapeutic applications of injectable hydrogels include the filling of large bone 
defects[136]as they can be formed in situ and fit the defect shape and geometry[155]. 
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They should be able to create an environment where exogenous cells can generate 
functional osteoblasts, when the large lesion hinders the efficient recruitment of 
endogenous host progenitor cells. It must also favor vascularization of the implant, as to 
ensure cell survival and allow further recruitment of host cells such as osteoclasts. In 
recent orthopedic research reports, hydrogels have often been used to maintain the actors 
of bone regeneration (i.e. cells, growth factors, hydroxyapatite particles) together, within 
the bone lesion[378]. For applications in bone tissue engineering, scaffolds should be 
fully biocompatible, while eliciting a moderate inflammatory reaction by the host tissue, 
and thus preventing fibrosis, to avoid damages or encapsulation of the graft[158]. It 
should also be easy to handle, allowing the incorporation of cells and eventually growth 
factors, without the need for cross-linking agents or ultraviolet light that could damage 
cells or proteins[149]. Degradable scaffolds are often desired, aiming to the replacement 
of the exogenous material by a newly synthetized ECM. Finally, and ideally, scaffold 
should be injectable to allow minimal and less invasive surgery procedures[155]. 
As an alternative to polymers, a new generation of physically cross-linked hydrogels has 
emerged. They are obtained by the self-assembly of building block molecules, without 
the need for a chemical cross-linker. Gel structure is maintained by weak interactions, 
which may depend on temperature or ionic strength, and confer to the gel the possibility 
of a reversible gel-sol transition, that may be useful for drug delivery purposes. We 
previously described the development of new types of hydrogels, obtained from the self-
assembly of small amphiphilic nucleotide-based molecules, glycol-nucleo-
lipids[120,379,380], that feature minimal cytotoxicity and that can be implanted or 
injected into animal tissues[123,381]. In particular, gels based on glyco-nucleo-lipids 
containing a fluorinated carbon chain (GNF) have been shown to be biocompatible, 
eliciting a moderate inflammatory reaction and reduced fibrosis[123]. Their half-life was 
evaluated at circa 30 days, both in vitro and in vivo, and we have also shown that these 
gels supported the survival of adipose tissue-derived mesenchymal stromal cells 
(hASCs) aggregates. However, cell adhesion to these gels was limited, obviating an 
efficient and homogeneous colonization by the seeded cells. Several studies have shown 
the benefit of designing hybrid hydrogels, in order to combine the properties of each 
component[137,219]. In this context, the use of collagen gels does have a number of 
benefits: i) collagen is one of the main components of the ECM of native vascular tissues; 
ii) it is abundantly available and can be easily purified from living organisms; iii) it is non-
immunogenic and biocompatible; iv) collagen gels can be directly and uniformly seeded 
with cells during the fabrication process; v) the collagen network can be actively 
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remodeled by smooth muscle cells (SMCs) and fibroblasts (FBs)[382]. Indeed, type I 
collagen is widely used for tissue engineering and tissue regeneration 
applications[107,383] as it offers a non-toxic, cell-adhesive and tissue-biocompatible 
environment. In addition, studies were shown that integrin-mediated adhesion to type I 
collagen enhances osteogenic differentiation of mesenchymal stem cells[384]. However, 
collagen shows weak mechanical properties and can be rapidly degraded by 
endogenous proteases. It is possible to stabilize it with crosslinking agents, or by the use 
of enzymes[165], but it is difficult to control its stiffness.  
The aim of this work was to combine GNF and type I collagen to obtain blend hydrogels 
using a thermo-gelation process. This composite hydrogel was used as scaffold for cell 
embedding. After in vitro characterization, this composite hydrogel was tested in a 
subcutaneous implantation model to assess its osteo-inductive properties. This scaffold 
provided a suitable environment for the cells, conferring them long-term viability and 
driving their differentiation towards osteoblasts. 
4.2. Materials and Methods 
4.2.1. Gel preparation 
The non-ionic GNF amphiphile was produced by Oxeltis (Montpellier, France). GNF 
solution was prepared at a concentration of 3% (w/v) by dissolving GNF powder (Oxeltis, 
France) at 65°C in either phosphate buffered saline (PBS), for physical characterization, 
or in Dulbecco’s Modified Eagle’s Medium/F12 (DMEM-F12, Thermofischer Scientific, 
Invitrogen) for gel-cell complex formation. Gel was formed within 15 minutes after cooling 
the solution to 37°C.  
Type I collagen was extracted from rat-tail tendons and solubilized in acetic acid solution 
(0.02 N) at a concentration of 4 g/L according to a previously described protocol[115]. A 
sterile buffer solution was prepared by mixing 5× DMEM (70%, v/v), 1 M HEPES (8%, 
v/v) and 1 N NaOH (6% v/v) in sterile deionized water (16%, v/v). Collagen hydrogel was 
prepared by mixing 50% (v/v) sterile collagen solution with 25% buffer solution (v/v) and 
25% (v/v) of 1× DMEM at 4° C.  
GNF-collagen hybrid hydrogels were prepared by mixing GNF and collagen solutions at 
37°C at a 1/1 volume ratio obtaining a final blend solution composed of 0.2% w/v collagen 
and 1.5% w/v GNF.  
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4.2.2. FTIR analysis 
Interactions of GNF and collagen were investigated by analyzing the FTIR spectra of 
collagen (2 mg/mL), GNF (1.5% w/v) and the blend (50/50 with collagen at 4 mg/mL and 
GNF at 3% w/v) solutions. Twenty microliters of the different solutions were deposited 
on Si crystal. Then, the measurements were performed by using Attenuated Total 
Reflectance mode (ATR) in FTIR (Agilent Cary 660 FTIR, Agilent technologies, 
Australia), equipped with a deuterated L-alanine-doped triglycine sulfate (DLa-TGS) 
detector and a Ge-coated KBr beam splitter. All spectra were corrected for the buffer 
spectral contribution by standard spectral subtraction procedures. All spectral 
manipulations were performed using GRAMS (Galactic Industries Corp., Salem, NH, 
USA). In order to determine the interactions between GNF and collagen, based on band 
shifts or/and intensity variations, the FTIR spectrum obtained from the physical blend 
was thus compared to the mathematical one, done by adding the spectra of collagen and 
GNF solutions, taking also into account the respective solution concentrations. 
4.2.3. Rheology 
The viscoelastic properties of the GNF, collagen and blend solutions were analysed by 
dynamic mechanical measurement using a stress-controlled rheometer (MCR 301, 
Anton Paar, France) with a cone-plate geometry (diameter 40 mm, angle 2°). Gelation 
was monitored by applying small oscillatory shear strain (1%) allowing measurement of 
elastic and viscous moduli (G' and G'', respectively) during time, immediately after 
dissolution of the compounds (collagen and GNF) or after mixing (blend) as described 
above. Then the dynamic mechanical properties of the gel were measured in a frequency 
range from 100-to 0.1 rad/s at room temperature after complete gelation.  
4.2.4. Cryo-electron microscopy 
To determine the pore and fiber size of the gel matrix (for different hydrogel conditions), 
cryo-scanning electron microscopy (SEM) analysis was performed, with minimal 
dehydration of the gel matrix. The hydrogel preparations were mounted on a slit holder 
and plunged into liquid nitrogen slush. Samples were transferred into the Gatan Alto 
2500 (Pleasanton, CA, USA) pre-chamber cooled to -90°C and vacuum was applied. 
After cutting samples with a cold knife, they were sublimated at -48°C for 10 min and 
then sputter coated for 120 s with gold-palladium. The samples were then transferred to 
the microscope cryostage (approximate temperature: -130°C) for imaging. The 
morphology was characterized by SEM (JEOL JSM- 6700) using SEI and LEI detectors 
operating at 5 kV accelerating voltage, with approximately 8 mm working distance and 
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the magnifications varied between 250x and 50 000x. The thickness of fibres was 
measured from SEM images, using Image J. 
4.2.5. Cell isolation and culture 
Human adipose tissue-derived mesenchymal stromal cells (hASCs) were isolated and 
cultured as previously described[385] with minor modifications. Briefly, human adipose 
tissue was obtained from patients undergoing liposuction. Tissue samples were minced 
and digested in a solution of 0.1% (w/v) collagenase type I (Worthington, Lakewood, NJ, 
USA) for 1.5h at 37°C with vigorous shaking. After filtration and centrifugation, the top 
lipid layer was removed and the remaining Stromal Vascular Fraction (SVF) was treated 
for 10 min with ELB (Erythrocyte Lysis Buffer; 155 mM NH4Cl (Sigma-Aldrich, St. Louis, 
MO, USA), 5.7 mM K2HPO4, 7.4 mM K2HPO4-3H2O, 0.1 mM EDTA (all Sigma-Aldrich)) 
and then centrifuged. The pellet was re-suspended in basal medium (BM): DMEM F12 
medium supplemented with 10% (v/v) Fetal Bovine Serum (FBS) (Lonza, Basel, 
Switzerland) and sequentially filtered through 100, 70 and 40 μm cell strainer (BD Falcon, 
Franklin Lakes, NJ, USA). Culture medium was replaced every three days. Cell culture 
was carried out in controlled atmosphere (100% humidity, 37°C, 5% CO2). The number 
of passages was less than 6 for all experiments.  
4.2.6. Lentiviral transduction 
For in vitro studies, cells were tagged with either Green Fluorescent protein (GFP) or 
with Firefly Luciferase (Luc), using lentiviral infection. The GFP or luciferase genes were 
under the control of the viral MND promoter. For viral transduction, 2.105 freshly 
trypsinised hASCs were mixed with 6.106 viral particles (MOI = 20 for MND-Luc and MOI 
= 30 for MNF-GFP).  After 24h in culture, virus-containing medium was replaced by fresh 
medium and cells were allowed to grow. Medium was changed every day for two days. 
Cells were then amplified and used for in vitro and in vivo assays. Expression of GFP 
was observed under a fluorescent microscope (Zeiss Axiovert 25 CFL microscope; 
Zeiss, Oberkochen, Germany), with excitation and emission maxima equal to 488 nm 
and 509 nm, respectively. Luminescence detection was performed after adding of 
luciferin substrate (Promega) using an EnVision multilabel plate reader (Perkin Elmer, 
France).  
4.2.7. Formation of gel-cell complexes 
Three cellularized hydrogel systems were studied: A) GNF gel-cell complex; B) Collagen 
gel-cell complex; C) GNF/Collagen blend-cell complex. For A, to entrap cells within the 
gel, 1 mL of the GNF solution was first cooled down to 37°C, then immediately mixed 
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with 106 cells by gentle pipetting. For B, 1 mL collagen hydrogel was prepared on ice as 
described before but using DMEM containing 106 cells. For C, 500μL of collagen-cell 
complex (solution B) was incubated for 30 minutes at 100% humidity, 37°C and 5% CO2. 
500 μL of cooled (37°C), still liquid GNF hydrogel (3% w/v) was then added and the 
mixture was gently pipetted four times. The final blend solution was thus composed of 
0.2% collagen and 1.5% GNF. Each hydrogel-cell complex (100 µl per sample) was 
prepared at a final concentration of 106 cells / mL of gel.  
4.2.8. In vivo subcutaneous implantation and collection of biopsies 
Bilateral subcutaneous injections were performed on 10-week-old female NOG-SCID 
mice (central animal facility of the Université Bordeaux Segalen, Bordeaux, France). 
Luciferase-tagged hASCs mixed with the composite solution were directly injected into 
dorsal subcutaneous sites using a 21-gauge needle, under gas anaesthesia (isoflurane). 
Six mice were used for each condition. All procedures and the animal treatment complied 
with the Principles of Laboratory Animal Care formulated by the National Society for 
Medical Research. The studies were carried out in accredited animal facilities at the 
University of Bordeaux, and were approved by the Animal Research Committee of 
Bordeaux University (Ethical approval number APAFIS#4375-2016030408537165 v4). 
4.2.9. Observation and quantitative analysis of gels and cells. 
Luc-tagged and GFP-tagged cells were used to monitor the fate of hASCs in a non-
invasive manner. Large field observations of gel-cell complexes were performed on Leica 
fluorescence stereomicroscope (MZ10F, Leica, Germany). These acquisitions were 
subsequently analyzed to assess hydrogel shrinking using Image J software. For the in 
vitro longitudinal follow-up of cell culture, the GFP fluorescence was measured at 488 
nm excitation and 509 nm emission using an EnVisionmultilabel plate reader (Perkin 
Elmer, France). Fluorescence acquisitions were performed after 6 hours, 2, 7 and 14 
days of culture. In living mice, luminescence of cells was measured using the 
PhotonImager CCDcamera (Biospace®, France). Mice were maintained under 
anaesthesia by isoflurane inhalation and injected intraperitoneously with luciferin 
(Promega). Measurements started immediately after substrate injection and the results 
correspond to the values measured when the signal is optimal and stable for at least 3 
min. The signal was integrated for 100 sec and values are expressed as p/s/sr 
(photons/second/steradian). Measurements were performed during 1 month. All 
fluorescence and luminescence measurements were compensated for the background 
noise of the cell-free composite hydrogel (negative control). 
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4.2.10. Assessment of osteoblast differentiation and of bone matrix 
production. 
Osteoblast differentiation was evaluated by revealing intracellular alkaline phosphatase 
activity, and extracellular calcium and phosphate within the extracellular matrix. Gel 
pieces were fixed with 4% paraformaldehyde (PFA) during 20 min at 4°C. Alkaline 
phosphatase activity was revealed as previously described (Ackerman, 1962). To stain 
calcium deposits, samples were incubated in alizarin red (Sigma-Aldrich) (2% in 0.1 M 
acetic acid) for 5 min and washed five times in PBS. To stain phosphate deposition, Von 
Kossa assay was performed: phosphate containing mineral was revealed by incubating 
gel pieces in 2.5% silver nitrate for 30 min, followed by two 10 minutes washing steps in 
water. The samples were observed using an Eclipse 80i microscope (Nikon, Japan). 
4.2.11. Histological and immunohistochemical analysis 
60 days after gel grafting, the mice were sacrificed using carbon dioxide. Subcutaneous 
pockets were extracted, fixed in 4% PFA for 4h at 4°C, dehydrated and embedded in 
paraffin. 4 μm thick sections were de-parafinized using toluene, rehydrated in decreasing 
concentrations of ethanol (100-50%), washed in distilled water and finally stained with 
Mayer’s hemalun and Erythrosine Masson’s trichrome. 
To reveal osteoblast differentiation, fixed gel pieces were dried and embedded in Freeze 
Gel tissue freezing medium (Labonord, France). Frozen sections of 5 μm were cut using 
cryostat (Leica, Germany), mounted on gelatin coated Star Frost glass slides 
(Knittelgläser, Braunschweig, Germany) and used for cytochemistry and 
immunofluorescence. Von Kossa positive mineralization was revealed by incubation of 
frozen sections in 2.5% silver nitrate for 30 min, then in water for 10 min. Osteocalcin 
was revealed by immunofluorescence, using anti-human osteocalcin antibody (1/100) 
(Abcam, UK) as primary antibody, followed by Alexa 568 fluorescent secondary antibody 
(1/200) (Invitrogen/Life Technologies, USA). The samples were observed using a 
Eclipse 80i microscope (Nikon, Japan). 
4.2.12. Statistical analysis 
All statistical analysis were performed using Graphpad Prism 5.0 software. For in vitro 
longitudinal follow-up of GFP fluorescence, measurements were performed on six 
different wells per condition. For in vivo measurement of luminescence, six mice received 
a Gel-Cells complex. Assessment of statistical significance of differences observed 
between time points of kinetics was performed using the paired non-parametric Wilcoxon 
test. 
 86 
4.3. Results 
4.3.1. Physical and structural characterization of the composite 
hydrogels 
As observed in Fig. 18A1, FTIR analysis of collagen clearly exhibited the expected 
spectrum. Indeed, amide bands type I and II from collagen were at 1656 and 1554 cm-1, 
respectively. Based on the GNF structure, the characteristic bands from fluorocarbon 
chain were also detected (Fig. 18A1), with a main band from CF2 symmetric stretching 
at 1201 cm-1. The band at 1146 cm-1 is associated to νC-O from glycosyl, whereas the 
peaks from 1698 to 1551 cm-1 are associated respectively to the carbonyl (νC=O) at 1698 
cm-1 from N-C(=O)-N, to the amide one at around 1650-1635 cm-1, and to C-N and C=C 
vibrations around 1500-1600 cm-1. The resulting spectrum from the blend exhibits the 
bands previously detected in GNF and collagen spectra with slight shifts. Indeed, the 
peak from GNF at 1635 cm-1 is shifted to higher wavelength, 1638 cm-1, and the amide I 
band from collagen from 1656 to 1658 cm-1 (Fig. 18A1). These shifts could be correlated 
to chemical interactions such as hydrogen bonding between carbonyl and nitrogen 
species, as already described in the literature[386]. In order to confirm these 
observations, the theoretical spectrum (addition of collagen and GNF spectra as 
described in experimental part) was compared to the experimental one as seen in Fig. 
18A2. Differences between both are still detected: shifts of the bands but also intensity 
variations (Fig. 18A2). Indeed, the amide II band intensity, 1554 cm-1 from collagen, was 
lower than expected and on the contrary, the intensity of the CF2 band (1201 cm-1) from 
GNF, was higher. These discrepancies could be associated to a non-homogeneous 
blend with clusters richer in GNF than collagen, as previously observed by microscopic 
analysis. Despite this fact, as slight band shifts are observed, some interactions between 
GNF and collagen occurred which could induce a change in mechanical properties.  
Thus, rheological tests were carried out to compare the visco-elastic properties of gels 
formed with individual or combined compounds. As shown in Fig. 18B, the elastic 
modulus of type I collagen hydrogels reached a plateau value within 30 minutes, 
indicating the time necessary to reach a stable mature state. The plateau value was 10 
Pa, characteristic of a weak gel (Fig. 18B). GNF-based formula reached a plateau value 
of 1 000 Pa after 20 minutes (Fig. 18B). The collagen/GNF composite gel had a gelling 
kinetics similar to the one of GNF, with a plateau value of 2000 Pa (Fig. 18B). The 
differences of plateau values between the three types of gels were obtained at different 
frequencies. In summary, the presence of GNF increased the elastic modulus of pure 
collagen by around 100-fold. Moreover, the combination of collagen and GNF provided 
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a higher G’ value than the one of pure GNF, indicating a synergic effect of this 
combination to produce a stiffer gel. 
We next examined the structure of pure collagen and pure GNF gels by cryo-SEM (Fig. 
18C). At low magnification (250×), collagen-based gels appeared as a dense, 
homogeneous fibrous network composed of interconnected fibres forming 
interconnected pores (Fig. 18C1). Higher magnification observation (20000×) showed 
fibres of different thicknesses, with a mean diameter of 115 ± 42 nm (Fig. 18C2). GNF-
based gels showed a less dense alveolar structure with bigger interconnected pores 
(Fig. 18C3). At higher magnifications, the walls of the alveoli were showed to consist of 
a very dense network of overlapping fibres whose thickness was extremely regular (31 
nm ± 5 nm) (Fig. 18C4). Walls were connected by thick trabeculae resulting from the 
convergence and aggregation of fibres that often displayed a twisted aspect. In the blend 
collagen-GNF composite gel, contacts between the GNF walls and extensions from the 
collagen network were observed (Fig. 18C5). Such a pattern supports the notion that 
blending resulting in a physical mixture of both components, without the formation of a 
third different phase deriving from interactions between collagen and GNF fibers (Fig. 
18C6). 
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Figure 18 : Material, rheological, structural characterization  
(A1) FTIR spectra of collagen hydrogel (black line), GNF hydrogel (light grey line) and collagen-GNF blend hydrogel 
(heavy grey line) in the 1000-1800 cm-1range. (A2) Comparison of the theoretical curve obtained from the 
mathematical combination of GNF and collagen curves (dotted grey line), with the real curve obtained with the blend 
(plain grey line). (B) Characterization of the rheological properties of GNF, collagen and GNF-Collagen blend 
hydrogels. Time course of elastic (G’) and viscous (G’’) moduli of GNF, collagen or blend systems were followed 
immediately after preparation. (C) Microstructure of hydrogels was assessed by cryo-electron microscopy. Pores are 
shown on low magnification pictures (white arrows). The separation between GNF and collagen gels in the blend 
composite hydrogel is shown as a white dashed line. Scale bars are shown at the bottom of each image. G and C stand 
for GNF and collagen moieties, respectively. 
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4.3.2. In vitro interactions between hydrogels and hASCs 
hASCs were grown for 7 days in either collagen, GNF or collagen-GNF blends. As shown 
in Fig. 19A, when hASCs were seeded in collagen hydrogels, a strong shrinkage of the 
cellularized material was observed already 48 hours after seeding. In contrast, the sizes 
of cellularized GNF and of collagen-GNF blend hydrogel remained constant. This 
difference in contraction was even higher at 7 days (Fig. 19B): no significant shrinkage 
could be observed when collagen was blended with GNF, while plain cellularized 
collagen gels showed a surface reduction of approximately 70%. Whereas many cells 
spread out of the shrinking collagen gel and adhered to the cell culture dish (Fig. 19C), 
no such leak was found in the presence of GNF in blend configuration (data not shown). 
Given its poor mechanical properties and its failure to retain embedded cells, we did not 
select pure collagen as a scaffold for further in vitro and in vivo studies.  
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Figure 19 : Hydrogel compaction 
(A) Evaluation of collagen hydrogel compaction when hASCs were cultured in collagen alone (diamonds, dotted line), 
GNF alone (circles, plain line), collagen blended with GNF (squares, dashed line). % of initial area was measured at 
different times after cell seeding (Average+/-SD, n=6); # denotes significant differences between collagen and Blend 
hydrogel and GNF hydrogel (p<0.05); # # denotes significant differences between collagen and Blend hydrogel and 
GNF hydrogel (p<0.001). (B) Pictures of collagen scaffolds containing hASCs 1 hour and 2 days after seeding; scale 
= 500 µm(C) Examination by confocal microscopy of collagen gels cellularized with hASCs at day 7. Inserts: cells 
escaping the collagen matrix and adhering to the surface of the plastic cell culture dish. 
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4.3.3. In vitro adhesion and proliferation of hASCs 
hASCs encapsulated either in pure GNF or blend hydrogels are presented in Fig. 20. 
When hASCs were contained into blend gels, cells attached within the gel after less than 
6h (Fig. 20A, D0) as well as hASCs entrapped into 1.5% GNF scaffolds. After 2 days, 
adhesion and spreading of hASCs were observed in blend hydrogels and were similar 
to cells seeded on polystyrene dishes (adhesion positive control). In GNF hydrogels the 
signal decreased sharply between the second and the fourteenth day (Fig. 20B) and the 
observation of cell morphology by microscopy showed a few round-shaped cells (Fig. 
20A). In GNF-collagen blend hydrogels, the significant difference in the intensity of the 
signal between days 2 and 14 reflected cell proliferation within these hydrogels. Finally 
it was observed that the addition of collagen to GNF significantly improves the biological 
properties of the hydrogel as cell culture support. 
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Figure 20 : Cell proliferation  
3D cell culture using GNF-based and composite hydrogels as scaffolds. GFP-tagged hASCs were observed (A, Scale 
bar = 500 µm) and quantified by measuring GFP fluorescence (B, arbitrary units) after 6 hours, 2, 7 and 14 days of 
seeding. Cells were either encapsulated either in GNF-hydrogel (white bars) or seeded onto polystyrene culture dish 
(grey bars) or in GNF/collagen blend hydrogel (black bars). In B, results are expressed as mean +/- standard deviation. 
Statistical significance of difference was assessed by Mann-Whitney U-test; *: p<0.05; **: p<0.01.  
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4.3.4. In vivo fate of cellularized constructs 
To challenge the benefits of GNF-collagen blend hydrogel compared to GNF hydrogel 
for cell grafting efficiency, the two kinds of gels were seeded with hASCs expressing the 
firefly luciferase gene and implanted into the dorsal subcutaneous region of NOG-SCID 
mice. Cell growth was monitored non-invasively by measuring Luc luminescence emitted 
from the area of implantation (Fig. 21A). When cells were injected within the GNF gel, 
the fluorescence decreased rapidly over time (Fig. 21B). Thirty days after implantation, 
only 13% of the initial signal was still persistent in GNF hydrogels while 213% of the initial 
signal was detected in the blend condition.  
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Figure 21 :In vivo cell imaging 
 In vivo imaging of Luc-tagged hASCs included in GNF-based or hybrid gels and subcutaneously injected in NOG-
SCID mice. Luminescence from either GNF-hASCs complex (circles) or blend-hASCs complex (squares) is observed 
(A) and quantified during 1 month (B). Statistical significance of difference was assessed by Mann-Whitney U-test *: 
p<0.05. 
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4.3.5. In vitro and in vivo differentiation and fate of hASCs-hydrogels 
complex 
After showing that the GNF-collagen blend hydrogel enables hASCs survival in vitro and 
in vivo and maintains them in the implantation site, we examined whether it could 
influence cell differentiation. Fourteen days after the onset of the culture in basal medium 
(BM), a significant proportion of alkaline phosphatase (ALP) positive cells were observed 
among hASCs dispersed inside blend hydrogels, whereas very few positive cells were 
found in the GNF gel (Fig. 22A). Extracellular matrix was weakly positive for alizarin red 
staining (Fig. 22B) and Von Kossa (Fig. 22C) only in blend hydrogels, revealing partial 
mineralization of the matrix and suggesting the deposition of calcium phosphate.  
 
Figure 22 : In vitro production of mineralized extracellular matrix by hASCs encapsulated in hybrid hydrogels. 
 hASCs encapsulated either in GNF-based hydrogel (GNF) or in GNF-collagen 1 hydrogel (blend) are cultured in 
basal medium during 14 days. (A) Expression of alkaline phosphatase is assessed by purple staining. Synthesis of a 
mineralized extracellular matrix is revealed by Alizarin Red (B) and Von Kossa staining (C) (x10 magnification, scale 
bar = 100 µm ; x20 magnification,  scale bar = 50 µm). 
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When cell-free GNF-collagen blends were implanted in mice, after 60 days, Masson’s 
trichrome staining showed the persistence of a few hydrogel blocks, surrounded by 
fibrous tissue, but did not reveal the presence of any osteoid tissue (Fig. 23A). In 
contrast, tissues in which cellularized GNF-collagen blend hydrogels had been implanted 
showed, in addition to few gel blocks, several circular bone-like structures, showing 
lamellar organization of the collagen, and containing osteocyte-like cells (Fig. 23B). 
These structures were strongly reactive to Von Kossa staining, confirming their high 
degree of mineralization (Fig. 23C). The presence of osteoblasts/osteocytes within the 
mineralized areas was confirmed by the strong labeling obtained with anti-osteocalcin 
antibodies (Fig. 23D). Moreover, since the antibodies were directed against human 
osteocalcin, these data support the persistence of gel-embedded human cells even 60 
days after their engraftment.  
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Figure 23 : In vivo analysis 
 Histological Analysis of biopsies 60 days after subcutaneously injection in NOG-mice of collagen-GNF blend 
hydrogels without (A) or with (B) hASCs. Paraffin sections of biopsies were stained with Masson’s trichrome and 
observed at x10 (A1, B1), x20 (A2, B2) and x40 (B2 insert) magnification (Scale bar = 100 µm, 50 µm, 20 µm 
respectively). Stars: gel blocks; Arrows: fibroblastic cells invading the hydrogel; Yellow arrowheads: organized 
extracellular matrix (ECM); Red arrowhead: blood vessel containing hematies; Blue arrowhead: cells entrapped in 
ECM (B2). Phosphate-rich ECM is revealed by Von Kossa staining (C). Differentiation of hASCs is shown by red 
positive osteocalcin staining, nuclei are stained in blue by DAPI (D) (Scale bars = 20 µm). 
 98 
Discussion 
This study provides support for the potential therapeutic interest of a composite hydrogel 
based on the combination of type I collagen with a recently described temperature-
dependent gel-forming synthetic compound. Data include improved mechanical stability 
and stiffness, in vitro adhesion and expansion of embedded mesenchymal stromal cells, 
and in vivo persistence of grafted cells. In addition, these data reveal the osteogenic 
property of this composite.  
The use of a scaffold is imperative when considering the admnistration of exogenous 
cells for therapeutic applications like bone tissue engineering, as it can support and even 
orchestrate their survival and function, once implanted in host tissues. As such, the 
scaffold must ensure cell survival and retention at the implantation site, until grafted cells 
have exerted their paracrine effect, or until a new ECM is synthetized. At this step the 
biomaterial becomes dispensable and should be degraded to make room for new tissue.  
Collagen is a well established natural biomaterial. As one of the major components of 
the ECM, biodegradable and biocompatible, it is an obvious choice for the development 
of matrices for tissue engineering applications[107,382]. Nonetheless, it presents weak 
mechanical properties and has shown fast degradation rates, both in vitro and in vivo. 
Our data confirmed these limitations: 1) rheological characterization of collagen gels 
yielded a 10Pa elastic modulus, in line with previous studies[387]; 2) the contraction of 
the cell-seeded collagen matrix, which may result in cell damage, reduction of nutrient 
diffusion and cell loss is again in agreement with other authors[388].  
As means to circumvent these limitations, and while maintaining the favorable cell-
adherence properties of collagen, we combined collagen with glycosyl-nucleosyl-
fluorinated (GNF) molecules. GNF-based gels show an elastic modulus of 1000 Pa, in 
agreement with previous studies[123]. When blended with collagen, the elastic modulus 
of the composite gels exceeded the value observed for GNF alone, establishing the 
structuring role of this synthetic component. The mechanical role of GNF was further 
assessed by its capacity to prevent collagen shrinkage, when both compounds are 
associated. This stabilizing effect may result from interactions formed at the interface 
between collagen and GNF, as suggested by cryo-scanning electron microscopy 
images. Such interactions may counteract the retraction forces exerted by the embedded 
cells and equally restrict the diffusion of cells outside the implanted material. Additionally, 
preservation of cells within the injection site may also result from the protection against 
tissue proteases, delaying collagen degradation and enabling cells to produce and 
deposit their own matrix. We can conclude from these data that GNF plays a crucial role 
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in the structuration and stabilization of the composite gels. Our findings showing the 
mechanical stabilization of collagen by association with a structuring gel are in 
agreement with other studies in which collagen was associated with different natural[389] 
or synthetic polymers[390].  
The chemical, physical and mechanical properties, as well as the stability of hydrogels, 
have an impact on the in vitro behavior of hydrogel-embedded cells[391]. Here, we show 
that human hASCs embedded in pure GNF gels poorly survive as isolated cells, and 
keep a round morphology that reflects their inability to establish attachment points to the 
matrix. These observations are in agreement with our previous studies pointing GNF as 
forming a non-cytotoxic, biocompatible, slowly degrading hydrogel, in which only cell 
aggregates can survive[123]. When embedded in the composite hydrogel, hASCs 
survived and proliferated not only in vitro but also in vivo. In vitro, hASCs retained a 
fibroblastoid morphology of matrix-adherent cells. In vivo, cells were found embedded in 
a collagenic extracellular matrix. Thus, the GNF-collagen blend provides a 
microenvironment that is favorable to the long-term survival of hASCs, 60 days on our 
observations. This is a major and original property of this new composite gel. Indeed, 
several in vivo studies, addressing the fate of biomaterial-associated cells after their 
implantation, have revealed the loss of the majority of cells within 10-14 days[284]. We 
assume that this behavior is due to the composite gel capacity to by one side provide 
adhesion sites to cells, within the collagen matrix, while preventing cell migration, due to 
the GNF fraction. Additionally, the composite structure allows easy diffusion of oxygen 
and nutrients, does not cause fibrosis and is rapidly perfused by blood vessels that it 
provides a favorable environment for cells. In summary collagen improved cell survival, 
whereas GNF conferred mechanical stability, retention of cells within the gel, 
maintenance of gel shape and cell morphology.  
This study reveals another major property of GNF-collagen composite hydrogels: their 
capacity to promote hASCs differentiation towards the osteobastic phenotype, and to 
elicit the formation of bone-like structures in an ectopic site in vivo. The expression of 
alkaline phosphatase in a majority of composite-embedded cells and the deposition of a 
mineralized matrix within this gel clearly demonstrates the massive presence of 
osteoblasts upon in vitro culture. Our previous studies had shown that GNF promoted 
the osteoblastic differentiation of hASCs spheroids[123]. However, collagen itself has 
been shown to promote osteoblastic differentiation of MSCs[392], and the present study 
cannot discriminate between the contributions of both parts. Nevertheless, this new 
composite hydrogels appears as a promising scaffold for the use of human MSCs for 
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bone regeneration, as it displays osteogenic properties. Previous studies have shown 
the benefit of hybrid gels, containing a collagen fraction, for the in vivo survival and 
osteoblast differentiation of MSCs[393]. The great advantage of GNF-based gel over 
commonly used polymers is its synthetic origin, allowing perfect control of purity and 
reproducibility, its injectability, which allows minimally invasive grafting procedures and 
the easy handling of the product, which enables the thorough incorporation of cells and 
bioactive molecules before injection. Indeed, gel formation is achieved by cooling the hot 
GNF solution, avoiding any chemical cross-linking that would require potentially harmful 
reagents. Moreover, jellification occurs slowly, allowing the safe mixing of cells at 37°C 
before gel formation is completed. This property also offers the possibility to inject the 
GNF solution and to let it gel in situ. Considering all properties of GNF together, this 
compound appears as a promising structuring and protective biomaterial, which may be 
combined with other scaffolds. Applications in tissue engineering, for bone defects 
healing but also for the treatment of other tissue lesions, by associating GNF with a cell-
friendly matrix, can be envisaged and will require further studies in orthotropic sites and 
with the choice of other natural matrices depending on the target tissue. 
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5.1. Résumé 
La protéine morphogénique osseuse 2 (BMP-2) est un puissant inducteur de formation 
osseuse. La BMP-2 est actuellement utilisé en clinique pour traiter certaines lésions 
osseuses. L'extension du champ d'application de cette molécule nécessite la conception 
de systèmes de distribution qui protègent la protéine d’une dégradation précoce et 
permettent sa libération progressive. Cette étude décrit l'utilisation d'un hydrogel non 
polymérique, basé sur l'auto-assemblage de glycosyl-nucléolipides amphiphiles comme 
système de distribution de BMP-2. La BMP-2 peut être facilement encapsulée dans des 
gels à base de glycosyl-nucléosyl-fluorés (GNF) et lentement libérée in vitro, tout en 
maintenant son activité ostéogénique. Lorsque des hydrogels contenant de la BMP-2 
marquée par un fluorophore ont été déposées sur un défaut de calvaria chez la souris, 
le signal détecté chez les souris vivantes diminue lentement pour être encore détecté 
après 3 semaines. La protéine encapsulée au sein du gel a favorisé une formation 
osseuse importante 8 semaines après la chirurgie. L'os nouvellement formé couvrait la 
plupart des défauts et présentait des caractéristiques histologiques semblables à celles 
de l'os natif. En revanche, lorsqu'une solution liquide de BMP-2 a été injectée dans les 
défauts, le signal de fluorescence a diminué rapidement et aucune formation osseuse 
significative n'a été observée. La propriété unique de l'hydrogel à base de GNF en tant 
que système d'administration injectable et de matériel ostéogénique a été révélée dans 
un modèle sous-cutané avec la formation d'os ectopique. Les blocs d'hydrogel GNF 
chargés de BMP2 injectés ont provoqué la formation d'os spongieux. Celui-ci comportait 
toutes les caractéristiques typiques de l'os en remodelage et contenait de la moelle 
osseuse. Ces résultats montrent que cet hydrogel à base de GNF est un système de 
livraison de BMP-2 efficace et un matériau ostéogène facile à utiliser pour supporter la 
régénération osseuse. 
Abstract 
Bone morphogenetic protein 2 (BMP-2) is a potent inducer of bone formation that is 
currently used in a limited number of clinical indications to treat extensive bone loss. 
Extending the field of applications of this molecule requires the design of delivery 
systems that protect the protein from early degradation and allow a slow long-term 
release. This study describes the use of a non-polymer hydrogel, based on the self-
assembly of small amphiphilic glycosyl-nucleolipids into micellar structures, as a new 
type of delivery system for BMP-2. BMP-2 could be readily encapsulated in glycosyl-
nucleosyl-fluorinated (GNF)-based gels and slowly released in vitro, while maintaining 
its osteogenic activity. When hydrogel pieces containing fluorophore-tagged BMP-2 were 
deposited onto a calvaria defect in mouse, the signal detected in living mice slowly 
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decreased and was still detected after 3 weeks, suggesting a slow gradual release. Gel-
embedded protein promoted significant bone formation 8 weeks after surgery. The newly 
formed bone covered most of the defect and showed histological features similar to those 
of native bone. In contrast, when a solution of BMP-2 was injected into the defects, the 
fluorescence signal decreased rapidly and no significant bone formation was observed. 
The unique property of the GNF-based hydrogel as an injectable delivery system and 
osteogenic material was revealed in a subcutaneous model of ectopic bone formation. 
Injected BMP2-laden GNF hydrogel blocks elicited the formation of cancellous bone, 
showing all the typical features of remodeling bone that contains bone marrow. These 
results show that this GNF-based hydrogel is an easy-to-use, efficient delivery system 
for BMP-2 and osteogenic material to support bone regeneration. 
5.2. Introduction 
Some bone tissue lesions can result in severe bone loss. If this occurs and the 
surrounding tissue is also damaged, the damaged bone is inadequately reconstructed 
so a graft of exogenous tissue is needed to fill the large bone defect. Such grafts function 
as a mechanical substitute for the lost bone and a template for bone regeneration. The 
addition of osteogenic factors may promote the recruitment and activation of endogenous 
progenitor cells to regenerate bone. Since bone grafts involve the limitations of tissue 
availability and morbidity issues, efforts are increasing to develop alternatives to 
autografts and allografts by using various biomaterials[394]. These biomaterials have 
different chemical and mechanical properties depending upon the site of injury, the type 
of bone needing repair, and especially on the mechanical load that the damaged bone 
must support. Whereas metallic implants are the first line for hip fractures, ceramics, 
glasses and pastes consisting of calcium phosphate are widely used for the treatment of 
many bone lesions such as non-union fractures and in maxillofacial surgery[331]. 
However, these materials are degraded very slowly and have weak osteoinductivity. 
Furthermore, they do not lead to the regeneration of new fully functional bone in the case 
of extensive lesions. An alternative is to use hydrogels to carry osteogenic and/or 
angiogenic factors in order to promote bone reconstruction[395,396]. Hydrogels are 
potentially injectable so they allow the tight fitting of the repair material to the size and 
shape of the defect, thereby ensuring a total interaction with the surrounding tissue[158]. 
They have the capacity to entrap many different factors such as calcium phosphate 
particles, which are osteoinductive, stem cells, which may provide the missing 
osteoblasts and endothelial cells required to regenerate vascularized bone, and growth 
factors, which can stimulate either gel-embedded or endogenous host cells[136]. The 
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option of providing growth factor to the damaged bone without the input of exogenous 
cells constitutes a cheaper, easier and safer therapeutic solution[73]. 
Bone morphogenetic proteins (BMPs), which belong to the TGFß superfamily, play an 
important role in the development of many tissues[397], but also in the formation and 
dissemination of tumors [398]. Among the BMPs, BMP-2 and BMP-7 have been shown 
to be the most potent osteoinductors. They are naturally involved in bone formation and 
repair [399] but are also able to induce bone formation ectopically[400]. As they can be 
easily produced as a stable recombinant protein in bacteria, BMPs have been proposed 
for the treatment of several pathologies involving severe bone loss, such as vertebral 
fractures, non-unions and osteoporotic fractures. Although they have been approved by 
the FDA for clinical use in the orthopedic and dental fields[126,401], their use is still 
hampered by several drawbacks and undesirable side-effects. To achieve clinically 
significant bone regeneration, supra-physiological amounts of BMP-2 are needed, which 
may produce structurally abnormal bone and result in tissue inflammatory reactions[402] 
and heterotopic ossification[403].  
To circumvent these limitations, several systems have been designed to reduce the 
doses necessary to achieve the therapeutic effect. These strategies aim at controlling 
the release of BMP over time, limiting the initial burst and prolonging the therapeutic 
action of the molecule[331]. Most of the systems which have been designed rely on the 
use of polymers in which chemical modifications have been introduced in the 
backbone[155]. Release control can be achieved either through weak interactions 
between the protein and the polymer, resulting in transient retention, or through stimulus-
triggered release (pH, temperature, enzyme activity…)[404]. Alternatively, nanoparticles 
containing BMP-2 have been incorporated in hydrogels as a reservoir and delivery 
system[336,339,405–407].  
All these products involve complex multi-step chemistry involving several reagents. The 
degradation of these gels is likely to release multiple molecules whose long-term 
physiological effects are difficult to predict. Recently, new types of hydrogels generated 
by the self-assembly of amphiphilic molecules have been developed[408]. Some of these 
gels have been obtained by the use of small, nucleotide-based building blocks[409]. Gels 
formed by the self-assembly of glycol-nucleolipids[379] have shown promising biological 
properties such as the absence of cytotoxicity. Within this family, molecules containing 
a fluorinated hydrocarbon chain have shown a moderate inflammatory response and 
relatively slow degradation rate that is compatible with the formation of new bone, 
thereby opening the way for new clinical applications[121,123].  
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The purpose of this study was to develop a BMP-2 delivery system by embedding BMP-
2 in a hydrogel composed of glycosyl-nucleosyl-fluorinated (GNF) amphiphile. The 
capacity of this gel to entrap human recombinant BMP-2 was assessed and the in vitro 
release kinetics of the protein was established. The promising release profile observed 
prompted us to challenge this delivery system in vivo to promote new bone formation in 
both a subcutaneous ectopic model and an orthotopic model, using a low dose of BMP-
2 embedded in GNF. The in vivo release of BMP-2 was monitored by blending the native 
BMP-2 with a fluorescent dye-tagged molecule. Finally, the capacity of the gel-
embedded BMP-2 to enhance bone repair and to promote de novo bone formation were 
assessed in a mouse calvaria defect model and in a subcutaneous injection model, 
respectively.  
5.3. Material and methods 
5.3.1. Recombinant human Bone Morphogenic Protein-2 (BMP-2) 
BMP-2 (E. Coli-derived) was obtained from PeproTech (USA). Part of the BMP-2 was 
labeled with a fluorescent tag using a Xenolight 685 kit (PerkinElmer, USA) according to 
the manufacturer’s protocol.  
5.3.2. Hydrogel preparation 
The non-ionic GNF amphiphile was produced by Oxeltis (France). The GNF solution was 
prepared at a concentration of 1.5% (w/v) by dissolving GNF powder in a 0.1 M 
phosphate buffered saline solution (PBS) at 65°C. The GNF solution was incubated at 
37°C for 30 min to form a gel. This composition was referred to as “GNF”. For the gel-
embedded BMP-2, a mixture of native BMP-2 (10µg/ml, dissolved in PBS 0.1 M) and 
tagged BMP-2(0.5µg/ml) was added to the GNF solution at 37°C before gel formation. 
This condition was referred to as “GNF-BMP-2”. The same BMP-2 mixture when 
solubilized in 0.1M PBS was named “Liquid BMP-2”. 
5.3.3. In-vitro data analysis 
5.3.3.1. In vitro release 
To study the release kinetics, 100 µl of liquid “GNF-BMP-2” were poured into inserts and 
placed in the 24-well plate containing 500µl of PBS after gel formation. The well plates 
were incubated at 37°C for 14 days in a shaking incubator at 100 RPM. At predetermined 
times (0h, 3h, 6h, 9h, 24h, 48h, 72h, 168h (1 week) and 336h (2 weeks)), the supernatant 
was collected and replaced with fresh PBS (0.1 M). Fluorescence was measured using 
fluorescence imaging (Lumina LT device, Perkin Elmer, Massachusetts, USA) at 675nm 
(excitation) and 694nm (emission) wavelengths to quantify the amount of fluorescent 
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BMP-2 released in the supernatant. The supernatant was then stored at -80 °C until 
being processed for ELISA assay. At the end of the experiment, all collected 
supernatants were thawed. The BMP-2 concentration in each sample was assessed 
using a Human BMP-2 Standard ABTS ELISA Kit (Peprotech, USA) according to the 
manufacturer’s protocol. This measurement was performed 6 times at each time point. 
The cumulative amount of released BMP-2 was calculated and plotted as a function of 
time. Results were expressed as an average ± standard deviation. 
5.3.3.2. In vitro bioactivity 
To determine the biological effect of released BMP-2 on osteogenic differentiation, 
human adipose-derived stem cells (hASCs) obtained from liposuction surgery (ethical 
approval # DC-2008-412) were seeded on 24-well culture dishes (2x104 cells/well). Fifty 
µl of “GNF-BMP-2” were placed onto the top of transwell membranes. Culture medium 
(DMEM F12, Life Technologies, USA) was added to each well. In parallel, other cells 
were incubated in osteogenic medium (DMEM F12 + StemPro® osteogenesis 
differentiation kit, Life Technologies, USA) as a positive control. For qualitative 
assessment of alkaline phosphatase activity, hASCs were fixed after 7 days of culture 
with 4% paraformaldehyde for 30 minutes. Wells were washed twice with PBS and 
processed using the Alkaline Phosphatase kit 86 C-1KT (Sigma-Aldrich, USA), as 
described in the manufacturer’s instructions. Briefly, cell layers were incubated with Fast 
Blue RR salt and Naphtol AS-MX Phosphate Alkaline solution 0.25 % (Sigma-Aldrich, 
USA) for 30 min at room temperature in the dark. Samples were analyzed using a stereo 
microscope (MZ10F, Leica Microsystems, Germany) coupled to a camera (Leica model 
DFC 450C). For quantitative analysis of ALP, proteins were extracted by cell lysis in 
distilled water at 4 °C.  Protein content was quantified according to Lowry's method[410]. 
In parallel, ALP activity was determined after incubation of protein extracts in the 
presence of para nitrophenyl-phosphate for 30 minutes at room temperature according 
to the kit manufacturer’s recommendations (Wako Pure Chemical Industries, VA, USA). 
The absorbance of the produced p-Nitrophenol was measured at 405 nm using a Victor 
® spectrophotometer. ALP activity results were expressed as nmol of p-Nitrophenol/ μg 
of protein as an average ± standard deviation. This analysis was performed 6 times. 
5.3.4. In vivo animal models 
The study protocol was performed according to the Institute of Animal Care guidelines 
formulated by the National Society for Medical Research. The studies were carried out 
in accredited animal facilities at the University of Bordeaux (accreditation number: A33-
063-917) and were approved by the Animal Research Committee of Bordeaux University 
(Ethical approval number APAFIS#4375-2016030408537165 v4). Eight-week-old OF-1 
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female mice (Charles Rivers, France) were used for this study. Mice were anesthetized 
with 4.5 % isoflurane gas via an induction chamber and maintained throughout surgery 
at 2.5 % isoflurane with a face-mask. 
5.3.4.1. Critical- size calvaria bone defect for orthotropic bone formation  
The surgical site was prepared by shaving and disinfecting the exposed skin. An incision 
of approximately 1 cm in length was made at the skull midline to expose the calvaria. A 
critical size defect of 3.5 mm diameter was created in each animal using a trephine drill 
(Helmut Zepf, Germany). The surgical procedures were performed under constant saline 
irrigation and care was taken to prevent injury to the dura mater. Four different conditions 
were tested: GNF-BMP-2 (100 µl GNF containing 1 µg of BMP-2), liquid BMP-2 (1 µg of 
BMP-2 in PBS 0.1 M), GNF (100 µl) alone, and an empty defect. After treating the defect 
as per the test conditions, the skin incision was closed with resorbable suture material 
(Ethicon 4.0). Six mice per condition were used. At the end of the study (8 weeks), 
animals were euthanized and the calvaria was harvested, fixed in 4% PFA overnight and 
transferred into 70% ethanol.  
5.3.4.2. Subcutaneous injection for ectopic bone formation 
The surgical site was prepared by shaving and disinfecting the exposed skin with 
betadine. Three different conditions were tested: GNF-BMP-2 (100 µl GNF containing 1 
µg of BMP-2), liquid BMP-2 (1 µg of BMP-2 in PBS 0.1 M) and GNF (100 µl) alone. One 
hundred µl of each preparation were injected subcutaneously using a 1ml syringe with 
an 18-gauge needle (Terumo Europe, Belgium). Each mouse received two bilateral 
injections and 4 mice were used for each condition.  
5.3.5. In-vivo data analysis 
5.3.5.1. In vivo release of BMP-2 
The in vivo release kinetics of injected or implanted fluorescent BMP-2 in “GNF-BMP-2” 
and “liquid BMP-2” was monitored at different time intervals (0 h, 8 h, 24 h, 48 h, 72 h, 
120 h (day 5), 168 h (day 7), 240 h (day 10), 336 h (day 14)) using an in vivo photon 
imaging system (Lumina LT, Perkin-Elmer, USA). Mice were transferred to the 
“VIVOPTIC” imaging platform (agreement A33-063-919). They were anesthetized with 
4.5 % isoflurane gas in an induction chamber and maintained throughout the procedure 
at 2.5 % with a face-mask inside the imager (TEM, France). The signal was quantified 
by the “Living Image” ® software. Raw fluorescence data were expressed in arbitrary 
units. Data were expressed as the percentage of initial mean fluorescence measured 1 
hour after suturing and plotted against time. This longitudinal study was carried out on 6 
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animals for each group at each time point and results were expressed as an average ± 
standard deviation. 
5.3.5.2. Planar X-Rays 
After sacrifice (8 weeks), radiographic analysis of the animal back subcutis and of the 24 
calvarial specimens (4 conditions, n=6) was performed using a digital X-ray imaging 
instrument (Faxitron X-Ray MX20-DC2, Faxitron Bioptics, Arizona, USA) at 18kV for 10 
seconds. Percent radiographic bone regeneration was assessed using ImageJ® 
software for each calvarial specimen. A binary thresholding was performed for each 
radiographic image (white corresponding to new bone, black corresponding to the lack 
of bone). The amount of new bone was plotted against the average regeneration of the 
negative control (empty defect) and was expressed as an average ± standard deviation. 
5.3.5.3. MicroCT (µCT) analysis 
To assess mineralization, ectopic tissue explants containing the hydrogel and calvarial 
defects were evaluated by µCT analysis. Briefly, after reconstruction of the region of 
interest, bone volume (BV), corresponding to the volume of newly formed bone, and 
tissue mineral content (TMC), corresponding to the amount of mineral deposited within 
the defect, were measured. The X-Ray microtomographic device used in this study was 
a Quantum FX Caliper (Life Sciences, Perkin Elmer, Waltham, USA). The X-ray source 
was set at 90 V and 160 μA. Acquisitions were made with a 10-mm field of view. Samples 
were imaged with a 3D isotropic voxel size of 20 μm. Full 3D high-resolution raw data 
were obtained by rotating both the X-ray source and the flat panel detector 360° around 
the sample, with a rotation step of 0.1°. The corresponding 3600 image projections were 
then automatically reconstructed using RigakuSW software (Caliper, USA) into a Dicom 
stack of 512 files using standard back-projection techniques. The three-dimensional (3D) 
images of samples were built by stacking 512 cross-sections obtained by X-ray 
microtomography. The resulting 3D files were composed of grey-level images where the 
lowest grey/dark pixels represented empty spaces and the highest grey/bright pixels 
stood for the densest materials. Three-dimensional analyses were performed using 
eXploreMicroView® software (General Electric Healthcare, Milwaukee, USA). Results 
were expressed as an average ± standard deviation. 
5.3.5.4. Histological analysis 
After planar X-rays and micro-CT analysis, skin explants and calvaria were decalcified 
with EDTA-based Microdec® decalcifiant at pH 7.4 for 20 hours. The decalcified samples 
were rinsed with PBS (0.1 M) and dehydrated with graded ethanol solution finally 
infiltrated with toluene before embedding in paraffin. Paraffin blocks were cut as 7 µm-
thick sections deposited onto Superfrost blades.  These sections were de-paraffinized 
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and stained with Masson’s trichome[411].The samples were observed using a 
Nanozoomer 2.0 HT slide scanner coupled to a TDI 3-CCD camera and Nanozoomer 
Digital Pathology software solution® (Hamamatsu Photonics, Japan). 
5.3.6. Statistical analysis 
All statistical analysis was performed using Graphpad Prism® software. For in vitro 
studies, measurements were performed on six different wells per condition. For in vivo 
measurement of fluorescence and bone regeneration, six mice received each treatment 
(24 mice in total). Assessment of statistical significance of differences was performed 
using ordinary one-way ANOVA for in vitro ALP activity and in vivo bone analysis. The 
Mann-Whitney test was used for in vivo fluorescent signal comparison. 
5.4. Results 
5.4.1. In vitro release of GNF-embedded BMP-2. 
The aim of embedding the BMP-2 in the GNF was to obtain a controlled release pattern 
over time. The amount of released BMP-2 was measured quantitatively by ELISA and 
fluorescence. The fluorescence method was used to monitor the in vivo release of the 
protein in a non-invasive manner. We first tested this technique to establish whether it 
was a reliable tool to monitor the in vitro release of the gel-embedded protein. For both 
methods, the cumulated released BMP-2 in the supernatant was calculated as a percent 
(%) of the gel-loaded quantity (100 %). In the ELISA method, 100% corresponded to 1 
µg BMP-2. In the fluorescence method, 100% corresponded to the mean of the initial 
fluorescence signals measured in the BMP-2-containing gel pieces (“GNF-BMP-2”). As 
shown in Fig 24, both methods revealed an initial burst release of BMP-2, 25% by ELISA 
assay and 42% by fluorescence analysis. The ELISA method showed a gradual, linear 
release between days 3 (72 h) and 14 (336 h) while the fluorescence assay showed a 
stabilization of the amount of BMP-2 released in the medium after 3 days.  
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Fig.24 Time course of in-vitro release profile of GNF BMP-2 
(A) BMP-2 release profile from GNF hydrogel scaffold (ELISA);(B) Fluorescent BMP-2 signal released in supernatant 
by GNF hydrogel scaffolds assessed by retention assay 
 
5.4.2. Assessment of the functionality of the released BMP-2 
To assess the biological activity of the BMP-2 released from the GNF hydrogel, 100 µl 
“GNF-BMP-2” blocks were incubated with human adipose tissue-derived stem cells 
(ASCs) grown on plastic tissue culture dishes. ASCs were used because they can 
differentiate towards the osteoblast lineage, albeit less efficiently, than bone marrow 
stromal cells, which require a strong and sustained osteogenic signal. The GNF gels 
alone did not show any positive staining for ALP activity, whereas when the gel pieces 
were loaded with BMP-2 (the “GNF-BMP-2”), most of the cells stained positively for ALP, 
as did the cells grown in the presence of osteogenic culture medium (figure 25A, B). 
Quantification of ALP activity showed a marked stimulation by gel-embedded BMP-2 
(figure 25C), although this stimulation was less efficient than in the presence of an 
osteogenic medium.  
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Fig.25 Effect of GNF BMP-2 on ALP activity  
(A) and (B) ALP staining at day 7, scale bars are respectively 500µm and 100µm; (C) ALP quantitation at day 7(* 
P<0.05) 
5.4.3. Analysis of bone regeneration 
To determine the benefit of the GNF gel as an in vivo delivery system for bone repair, 
we used a calvarial defect in a mouse. We first evaluated the evolution of BMP-2 content 
within the defect. For this, we either deposited 20 µl of a BMP-2 solution or implanted 50 
µl of GNF gel-embedded BMP-2 onto the 3.5-mm diameter calvarial defect of OF-1 mice. 
We evaluated the persistence of BMP-2 by measuring the fluorescence of tagged BMP-
2. Fig. 26 shows typical images of fluorescent signals from either “liquid BMP-2” or “GNF-
BMP-2”. Quantification of the fluorescence shows that the signal measured in mice 
implanted with “GNF-BMP-2” was higher than that obtained from mice receiving “liquid 
BMP-2” (Fig. 26) at all time points. The difference became highly significant with time. 
At 14 days, the signal decreased to less than 2% of the initial signal in mice with liquid 
BMP-2, but still reached 8.5% of this signal with “GNF-BMP-2”. This difference suggests 
that the GNF gel delayed the diffusion of the protein and extended its persistence within 
the defect. 
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Fig.26 Time course of in-vivo release profile of GNF BMP-2 and BMP2 alone 
Fluorescent BMP-2 signal persistence in bone lesion up to 2 weeks (336 h), relative to time 0. (*P<0.05)	
Bone repair was analyzed in four different conditions: 1) in the absence of any additive 
or material (“empty”); 2) in the presence of protein-free GNF gel pieces (“GNF gel”); 3) 
in the presence of a BMP-2 solution (“Liquid BMP-2”); and 4) in the presence of GNF-
embedded BMP-2 (“GNF-BMP-2”). Bone regeneration was analyzed 8 weeks after 
surgery. As illustrated in figure 27A, the “empty” and “GNF” groups did not show any 
significant bone regeneration. Quantitative analysis showed that in the presence of 
empty gels, only 10% of the lesion area was filled (figure 28A), whereas this percentage 
reached 30% with liquid BMP-2 and 62% with GNF-BMP-2. To gain insight into the 3D 
quantification of the newly formed bone, we measured bone volume (BV) and tissue 
mineral content (TMC) from 3D images obtained by micro-CT imaging. These data 
showed that BV (figure 28B) and TMC (figure 28C) were not significantly higher in the 
presence of liquid BMP-2 as compared with empty GNF gel. In contrast, GNF-BMP-2 
elicited a much higher bone formation as testified by an 8-fold increase in BV and TMC 
as compared with protein-free GNF. These data suggest that although some bone 
formation had occurred in the “liquid BMP-2” group, the newly formed bone was much 
more abundant in the gel-embedded BMP-2. This very significant difference was 
essentially due to a thicker bone tissue in the latter group, as shown by lateral views of 
µCT images (figure 27B) and by histological observation of cross-sections of the calvaria 
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samples (figure 27C). Histological analyses also showed a thin layer of green-stained 
fibrous tissue in defects with “liquid BMP-2” or “GNF”, whereas in “GNF-BMP-2” samples, 
thicker, red-stained tissue was observed in the defect. 
 
Fig.27 Effect of GNF BMP-2 hydrogels on orthotropic bone formation  
Representative calvarial bone defect for each condition: (A) Planar X-ray; (B) µCT and (C) Histological Masson’s 
Trichrome staining (coronal plane)	
 
 
Fig.28 Computed analysis of in vivo BMP-2 bioactivity 
Quantitative analysis of calvaria bone regeneration using planar X-ray image (A), Bone Volume (B) and Tissue Mineral 
Content (C) using µCT analysis. *P<0.05	
Careful examination of “GNF-BMP-2” samples was carried out to obtain more insights 
into the qualitative analysis of the thick tissue covering the defect. Fig. 29A shows newly 
formed bone clearly identified within the defect. Unlike native bone, it was mainly formed 
of primary woven bone. A few small pieces of un-degraded gel were visible (black stars). 
Fibrous tissue, which was still predominant at the outer edge of the defect, was 
occasionally observed within the primary bone areas (fig. 29B, black arrows). Many 
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blood vessels were observed (green arrowheads). Pores containing bone marrow were 
also present (fig. 29C, yellow dashed line). Numerous osteocytes were found embedded 
in the primary bone matrix (white dash-line). Only a few areas showed a secondary 
ossification pattern with dense lamellar bone (red dashed line). 
 
 
Fig.29 Histological analysis of mice calvaria implanted with GNF BMP-2 hydrogels  
Black arrows show defect-filling fibrous tissue, green arrowheads mark representative vessels, yellow arrowheads 
mark representative osteocytes. Black stars indicate representative GNF gel blocks. White dashed line delimits primary 
bone in remodeling, red dashed line shows secondary ossification center, and yellow dashed line surrounds bone 
marrow. Magnification: (A) 5X, scale bar 500µm; (B) and (C) 20X, scale bars 100µm. 
5.4.4. Analysis of ectopic bone formation 
To assess the osteoinductive capacity of GNF-embedded BMP-2, we injected either 
“liquid BMP-2” or “GNF-BMP-2” subcutaneously in 12-week-old OF-1 female mice. One 
group received empty GNF (“GNF”). Monitoring of BMP-2 quantity at the injection site 
showed a much slower decrease in the fluorescent signal in the “GNF- BMP2” group 
than in the “liquid BMP2” group. Among the four mice which had received the gel-
embedded BMP2, one did not show any signal at any time post-operatively. Eight weeks 
after injection, a significant signal was still observed in the 3 mice in the “GNF BMP2” 
group (fig. 30A), whereas it was undetectable in all the “liquid BMP2” mice. Planar X-ray 
acquisitions showed the presence of X-ray-opaque structures at the injection site 8 
weeks after injection (fig.30B) only in the three mice which had received the GNF-
embedded BMP2, and which emitted a fluorescence signal at that time. Upon gross 
examination of biopsies, empty GNF appeared as soft white pellets (data not shown). In 
contrast, BMP2-containing GNF appeared as hard red blocks (fig. 30C). Micro-
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computerized X-ray tomography examination of the biopsies showed the presence of 
trabecular-like mineralized structures with a mineral density of 650 mg/cm3, similar to 
that found for mouse native trabecular bone (fig. 30D). The average thickness of these 
trabeculae was 18 µm, a value similar to that measured in the trabeculae of mouse tibia 
and femur.  
 
Figure 30 Effect of GNF BMP-2 hydrogels on ectopic bone formation  
(A) Fluorescence signal assessed by in-vivo imaging; (B) Planar X-ray radiography 8 weeks after injection; (C) 
Macroscopic examination of ectopic bone in skin biopsy immediately after sacrifice; (D) Representative µ-CT image 
Histological examination using Masson’s trichrome staining revealed a complex 
interpenetrated network consisting of intact or resorbing gel pieces and bone tissue (fig. 
31 A). In some areas, gel blocks were surrounded by inflammatory tissue mainly 
composed of macrophages (data not shown). However, most areas consisted of 
mineralized trabeculae filled with bone marrow. The density of the trabecular matrix 
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varied from a woven-bone-like organization (fig. 31 C) to mature lamellar bone (fig. 31 
B, D, E). Lining cells and osteoclasts were observed on the surface of these bone 
structures (fig.31 B). Many osteocytes were found within the bone matrix. The marrow 
was characterized by the presence of numerous erythrocytes, the presence of other cells 
of the hematopoietic lineage such as eosinophils and megakaryocytes, and many small 
blood vessels. Gel pieces were scattered within the marrow and trabeculae. Importantly, 
bone matrix formation was observed at the surface of many gel pieces (fig. 31 D, E), 
together with the presence of osteoblasts. Moreover, bone matrix formation was 
occasionally observed as thin trabeculae penetrating the gel blocks (figure 7E).   
 
Figure 31 Fig. 8 Histological analysis of subcutaneous explanted GNF BMP-2 hydrogels 
Black stars mark representative GNF gel blocks. Green arrowheads mark vessels, white arrowheads indicate 
representative lamellar bone tissue, pink arrowheads show representative osteoclasts, yellow arrowheads indicate 
representative osteocytes, pink arrowheads show representative osteoclasts and red arrowheads point to representative 
bone lining cells.  White dashed line delimits primary bone in remodeling, red dashed line shows secondary ossification 
center, and yellow dashed line indicates bone marrow. Magnification: (A) 2X, scale bar 1 mm; (B) 40X, scale bars 
50µm; (C) and (D) 10X, scale bars 250µm; (E) 15X, scale bars 250µm. 
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5.5. Discussion 
Bone morphogenetic protein 2 (BMP-2) is used in a few clinical applications for bone 
regeneration therapies[412,413]. However, the therapeutic applications could become 
more numerous if its adverse effects could be overcome[414,415]. Indeed, there is 
compelling evidence that in the absence of an appropriate delivery system, its side-
effects outweigh its therapeutic advantages.  
In the study reported here, we have designed a new carrier system for BMP-2 delivery 
based on a non-polymer hydrogel that rapidly gels at physiological temperature. The 
relatively slow kinetics of in vitro gel formation in a physiological medium upon cooling 
allows easy encapsulation of fragile molecules like proteins. No complex chemical 
procedures are needed to form the gel or to encapsulate the protein, obviating the need 
for extensive washing or dialysis procedures. Instead, the straightforward procedure 
used to encapsulate the protein in the GNF hydrogel, based on a simple physical gel that 
forms spontaneously within a few minutes just prior to gel injection or implantation, is 
compatible with extemporaneous preparation and easy on-site handling by medical staff.  
Its in vitro release kinetics was established by conventional ELISA assay and, in parallel, 
by fluorescence measurement of tagged BMP2. The aim of using a tagged protein was 
to establish a method enabling the monitoring of the release kinetics in vivo. The in vitro 
assay showed that the measured fluorescence did not perfectly match the curve obtained 
by the standard method. The burst release appeared more pronounced with the 
fluorescence method. In addition, the curve reached a plateau whereas a slow linear 
slope was observed with the ELISA method. This difference may be due to the lower 
sensitivity of the fluorescence assay. Indeed, the signal emitted by the supernatants 
became close to the sensitivity threshold with time. The dilution of the released protein 
in a relatively large volume of buffer may account for this low signal. For the in vitro 
release assay, the ELISA method clearly provides the most reliable data. We 
hypothesize that the burst release results from syneresis, a physical phenomenon that 
consists of shrinkage and fluid release and which occurs following the formation of the 
GNF-based gel as well as with several other hydrogels[416]. The second slower phase 
might result from the diffusion of BMP-2 from the gel. The chemical composition of these 
gels does not suggest any possible interaction with BMP-2 since the GNF molecule does 
not present any charge or motif with a potential affinity for the protein. The structure of 
the GNF-based hydrogel has been shown to consist of interconnected fibers[121] that 
are thought to be made of micelles with a hydrophobic core and an external hydrophilic 
moiety composed of the glucose and thymidine residues[120]. The dense network 
 118 
formed by these micelles might thus slow down the diffusion of the protein, thereby 
ascribing GNF-based hydrogels to the category of delivery systems based on simple 
physical encapsulation and diffusion-based release[73]. An alternative to simple diffusion 
is degradation-dependent release. This hypothesis is supported by the slow degradation 
rate of GNF-based gels observed in vitro and in vivo[123]. Previous studies have shown 
that gels made of GNF are cytocompatible[121]. In the present study, incubation of GNF 
gel pieces with primary hASCs did not elicit cell death (data not shown). “GNF-BMP-2” 
stimulated the in vitro differentiation of hASCs, showing that the protein was released 
from the gel and was biologically active. Although the monitoring of BMP-2 release by 
the fluorescence technique may not be appropriate for the precise quantification of the 
protein, we believed that it would provide useful information about the diffusion of BMP2. 
Therefore, we considered it appropriate for assessing the fate of in vivo-administered 
BMP-2. In both the subcutaneous and the calvarial defect models, we observed a 
relatively fast decrease in the “liquid BMP-2” group. Eight weeks after injection 
(subcutaneous) or implantation (calvaria), the signal was either undetectable or close to 
the sensitivity threshold, respectively. The “GNF-BMP2” groups showed a significantly 
higher signal and this difference between the two groups was greater in the 
subcutaneous model. These data show that GNF embedding enables the gradual 
release of BMP-2. The pharmacokinetics of “GNF-BMP-2” is comparable to that 
observed in other studies where 125I-tagged BMP-2 was used as a tracer to monitor the 
persistence of calcium phosphate ceramics[417], collagen sponge-embedded[418] or 
gelatin-embedded[419] protein at the site of implantation. Our data using fluorescent 
tagged BMP2 provide useful information about its pharmacokinetics after its in vivo 
administration, but this very simple technique is limited to use at superficial anatomical 
sites.    
Since we were able to monitor BMP-2 in vivo, we could establish a correlation between 
the long-term persistence of the protein and its capacity to induce bone formation in two 
different models. Strikingly, in the subcutaneous model, there was a close correlation 
between the persistence of BMP2 at 8 weeks and deposition of a mineralized matrix 
within the GNF gel. In the only mouse which had received the GNF-BMP2 but failed to 
show a fluorescent signal, no mineralized structures were observed. In the calvarial 
defect, there was a limited bone formation when liquid BMP2 was administered, 
correlating with a rapidly decreasing fluorescence signal. When gel-embedded BMP2 
was deposited, a much higher amount of bone was formed, again correlating with a high 
fluorescence signal. Indeed, the assessment of the remanence of BMP-2 and its 
correlation with bone formation would seem to be a powerful method to demonstrate the 
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benefit of the GNF gel as a carrier that delays and sustains the release of the active 
growth factor.  
These data show the high osteoinductive capacity of the GNF-BMP-2 system and 
highlight the unique properties of the GNF gel to promote the formation of high-quality 
bone. In the calvarial bone defect model, GNF-BMP-2 increased the reconstructed bone 
surface and the thickness of the regenerated bone tissue, whereas liquid BMP-2 resulted 
in less complete filling of the defect by thin irregular mineralized tissue. Moreover, 
qualitative analysis of the newly formed tissue revealed typical features of actively 
remodeling bone. Primary woven bone invaded by blood vessels still contained a few 
pieces of GNF gel. A few nuclei of secondary ossification centers were observed, as well 
as bone marrow islets. These observations suggest that GNF-BMP-2 promotes the 
progressive regeneration of physiological bone tissue with all the characteristics of the 
original native calvarial tissue. The persistence of a few gel fragments suggests that the 
gel degradation kinetics is well-fitted to the regeneration process. Moreover, the 
progressivity of the repair process may favor the reconstruction of a fully mature bone, 
identical to the native calvarial bone. In summary, GNF-BMP-2 promoted the formation 
of new calvarial bone while the gel underwent gradual degradation. This robust 
osteogenic activity of GNF-embedded BMP-2 is similar to that previously described for 
other BMP2-laden carriers in the calvaria bone repair model[240,420–431].  
However, our data also show how this system can elicit efficient bone formation in the 
subcutaneous injection model. The product is injectable and retains its original size, 
shape (between a cylinder and a parallelepiped) and position at the site of injection. In 
fact, it has outstanding osteogenic potential. The structures formed 8 weeks after 
injection are very similar to native trabecular bone, showing an abundant bone marrow 
interspersed with mineralized trabeculae. Thus, GNF seems perfectly adapted to bone 
regeneration, with a degradation kinetics well correlated with new bone formation. 
Moreover, GNF blocks were infiltrated by bone-forming cells and bone deposits were 
observed on their surface, suggesting that GNF is osteoconductive and osteogenic. 
These observations are in agreement with our previous report of the osteogenic capacity 
of GNF in the presence of human stromal cells[123]. Together, these observations raise 
the enticing possibility of creating fully functional remodeled trabecular bone.  Although 
previous studies have demonstrated the bone formation activity of BMP-2 in 
subcutaneous implantation models[337,400,419,432–441], this is the first time to our 
knowledge that an injectable, gel-based BMP2 delivery system has resulted in the 
formation of highly structured bone in this model. Previous studies demonstrated bone 
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formation by an injected hyaluronan gel, but the bone was observed only at the periphery 
of the injected gel[442]. This new osteogenic potency, with bone forming within and 
around the injected gel, may result from the original properties of GNF gels and 
especially from its intrinsic osteogenic potential.  
In conclusion, this study shows that GNF gel is an efficient, easy-to-handle delivery 
system for bone regeneration applications. It also shows that GNF gels can be used as 
a template scaffold for the regeneration of bone tissue.   
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6. Discussion générale 
Dans les domaines de l'orthopédie, de la chirurgie buccale et maxillo-faciale, la 
régénération osseuse reste un défi clinique. Le traitement standard actuel est basé sur 
l'utilisation de matériaux qui sont divisés en deux groupes majeurs: greffes osseuses 
naturelles et synthétiques[443]. Les greffes osseuses naturelles comprennent les auto-
/allo- et les xénogreffes. Le greffon osseux autologue est considéré comme le traitement 
standard pour la réparation et la régénération osseuse par de nombreux chirurgiens, 
principalement en raison de l’absence de réaction immunogène et d'une performance 
biologique optimale en termes d'ostéogénicité, d'ostéoinductivité et 
d'ostéoconductivité[151]. Cependant, ces greffes osseuses présentent plusieurs 
limitations : une disponibilité limitée, la nécessité d’une procédure chirurgicale 
supplémentaire pour le prélèvement, la morbidité du site du donneur, la douleur post-
opératoire et les risques d’infection[56]. Les allogreffes et les xénogreffes sont quant à 
elles largement disponibles et il n'est pas nécessaire d'effectuer une chirurgie 
supplémentaire. Cependant, avec ces types de greffes il existe un risque 
d'immunoréaction et leurs potentiels ostéoinductifs et ostéoconducteurs sont réduits à 
cause des traitements que doivent subir les greffons[151,444]. Pour surmonter ces 
limites, un grand nombre de matériaux et de stratégies ont été développés et étudiés au 
cours des dernières décennies. Ces matériaux présentent plusieurs avantages : une 
large disponibilité, l’absence de réponse antigénique et la possibilité de 
fonctionnalisation pour une application spécifique. Cependant, à l’heure actuelle il 
n’existe pas de matériau idéal pour l’ITO. Tout d’abord, puisque comme il a été décrit il 
n’existe pas un mais plusieurs types de lésions osseuses qui auront des localisations, 
des tailles et des origines différentes. De plus la qualité des tissus autour de la lésion est 
à prendre en considération. Il a été montré qu’il existe de nombreux hydrogels qui offrent 
des propriétés ostéoinductives ou ostéoconductives en présence de cellules exogènes 
ou de facteurs de croissance[211,224,228,232]. Cependant, ces mêmes matériaux 
peuvent être mal adaptés à certaines applications cliniques sans avoir recours à de 
complexes modifications, parfois leurs propriétés confèrent au matériau une faible 
stabilité mécanique (cas des hydrogels à base de peptides sans modifications)[235] ou 
encore entrainent une dégradation trop rapide lorsqu’ils sont implantés (cas des 
polyphosphoesters)[232].  
Au cours de ces travaux nous avons développé de nouvelles stratégies d’ITO 
entièrement axées sur l’utilisation d’un composé récemment synthétisé. Ainsi nous 
avons étudié l’apport d’un hydrogel physique dans une stratégie de régénération par 
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l’apport de cellules exogènes puis dans une stratégie de libération de facteurs de 
croissance. 
6.1. L’hydrogel de GNF 
Nos travaux de recherche se sont basés sur l’utilisation d’un hydrogel physique généré 
par l’auto-assemblage de monomère de GNF pour l’ITO[121]. Cet hydrogel a 
précédemment été décrit comme étant biocompatible, bio intégrable et biodégradable 
[123]. Ce matériau est un hydrogel non-polymérique. Ainsi son originalité se traduit par 
l’absence de procédures chimiques complexes pour initier sa gélification contrairement 
à d’autres hydrogels comme certains polymères synthétiques qui contiennent des 
agents réticulant toxiques[134]. En effet, les étapes de formation du matériau ne 
nécessitent pas de réticulation par des agents chimiques, ni de lavages répétés ou de 
dialyses et limitent considérablement le risque de libération de composés toxiques lors 
de l’implantation du matériau. Il est à noter que la composition du GNF ne comporte 
aucune liaison chimique clivable par les enzymes produites par les tissus humains. 
Enfin, les propriétés de ce matériau font qu’il gélifie en quelques minutes (20-30 minutes) 
à température physiologique, ce qui permet d’y incorporer des cellules ou autres 
protéines sans risque de choc thermique avant d’être injecté au sein du site lésé. 
Néanmoins cet hydrogel ne dispose pas de motifs permettant l’adhésion cellulaire (via 
les intégrines par exemple).   
6.2. La conception d’un hydrogel composite 
Comme il a été décrit dans la revue de la littérature, de nombreuses études récentes ont 
souligné l’intérêt des approches où des hydrogels synthétiques sont associés à des 
hydrogels naturels pour leurs propriétés biologiques[219]. L’objectif de ces approches 
est de surmonter les limites de chacun des composés grâce aux propriétés 
complémentaires du matériau avec lequel ils sont associés. C’est dans ce contexte 
qu’une partie de notre travail de recherche a été d’associer le gel de GNF à un hydrogel 
de collagène. Le collagène, composant majeur de la MEC, est utilisé en tant que 
biomatériau naturel, il est biodégradable et biocompatible ce qui en fait un choix évident 
pour le développement de matrices pour des applications en ingénierie 
tissulaire[107,382]. Néanmoins, les hydrogels de collagène présentent des propriétés 
mécaniques faibles et des taux de dégradation rapides, que ce soit in vitro ou in 
vivo[155,383]. Nos travaux ont confirmé ces limitations puisque le module élastique de 
ces hydrogels (rhéologie) est de 10 Pa. 
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Conformément aux études précédentes[387,388], nous avons également observé une 
importante contraction des hydrogels de collagène lorsqu’ils sont ensemencés de 
cellules (hASCs). Il en résulte une altération de la survie cellulaire due à la réduction de 
la diffusion des éléments nutritifs au sein du matériau et une fuite des cellules hors de 
celui-ci liés aux faibles propriétés mécaniques des hydrogels de collagène. Ainsi notre 
objectif a été de combiner les propriétés mécaniques plus fortes (1 kPa) et 
ostéoinductives du gel de GNF[123] avec les excellentes propriétés d’adhésion cellulaire 
du gel de collagène[107]. 
 
L’étude des propriétés de ce matériau composite a montré que les propriétés 
rhéologiques sont largement améliorées lorsque le gel de collagène est associé à un 
autre matériau, ce qui corrobore les résultats présentés dans la revue de la 
littérature[389],[390]. Ceci s’est traduit par une limitation signification de la perte de 
volume des matériaux que ce soit in vitro après leur formation ou in vivo après leur 
injection. D’autres auteurs se sont intéressés à ce type de stratégies et sont parvenu à 
améliorer les propriétés mécaniques du collagène par l’ajout d’un hydrogel synthétique 
[251] pour guider la différenciation cellulaire. Cependant ces stratégies font recours à 
des matériaux qui sont non-biodégradable et peuvent entrainer une certaine 
cytotoxicité[250]. 
Concernant les propriétés biologiques, la survie des cellules et leur prolifération a été 
observée in vitro et in vivo au sein du matériau composite. Ceci souligne l’importance 
des propriétés biologiques du gel de collagène dans le matériau composite. Cette étude 
a révélé une autre propriété très prometteuse du gel composite, les cellules 
Figure 32 : Méthode de préparation des hydrogels 
Figure 33 Méthodes de préparation des hydrogels 
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ensemencées au sein du matériau ont révélé leur capacité à se différencier en cellules 
de phénotype ostéoblastique in vitro ainsi qu’à former des structures pseudo-osseuses 
in vivo. Cette capacité du gel de GNF à promouvoir la différenciation en cellules osseuse 
avait été précédemment observée lors des travaux de thèse de S. Ziane, il a également 
été décrit dans la littérature que le collagène est capable de promouvoir cette 
différenciation ostéoblastique [393]. Il n’est donc pas possible de déterminer lequel des 
composants est responsable de ce phénomène ni s’il s’agit d’un effet de synergie. Cette 
étude fait ainsi apparaitre ce matériau composite comme un candidat prometteur pour 
l’ITO comme échafaudage pour des cellules humaines, de par ses propriétés 
ostéogéniques où le collagène offre une matrice pour l’adhésion cellulaire et le GNF 
apporte un soutien mécanique à la structure.  
6.3. Le choix du type cellulaire 
Si le choix et la conception du meilleur échafaudage pour l’ITO est complexe, il en est 
de même pour le choix de la source de cellules et les techniques de préparation et de 
pré-conditionnement de celles-ci[128,329]. Ici, nous avons choisi d’utiliser des cellules 
souches dérivées du tissu adipeux, une source cellulaire très attrayante pour la 
médecine régénératrice notamment car elles sont techniquement faciles à collecter[445]. 
Il est facile d'en obtenir un nombre élevé par rapport aux cellules souches issues de la 
moelle osseuse et comme il a été décrit précédemment elles ont la capacité de se 
différencier en plusieurs types cellulaires, dont les ostéoblastes[94,446,447]. Cependant 
les stratégies reposant sur l’association de cellules souches exogènes à un matériau 
échafaudage présentent certaines limitations comme le coût élevé de ces 
procédures[448], la gestion logistique (clinique-laboratoire) ou le risque d’altération 
génétique des cellules lié aux processus de culture prolongé lors des phases 
d’amplification par exemple[449] 
6.4. L’utilisation d’un facteur de croissance  
Afin de s’affranchir des contraintes inhérentes à l’utilisation des cellules souches 
exogènes, nous nous sommes intéressés au développement d’une deuxième stratégie 
d’ingénierie tissulaire. Cette stratégie a reposé sur l’utilisation d’un facteur de croissance 
approprié à l’ITO et pouvant être libéré de façon progressive grâce à l’utilisation d’un 
hydrogel. Ainsi, nous avons associé la BMP-2, facteur de croissance ostéoinducteur 
utilisé en clinique[126], avec l’hydrogel de GNF pour promouvoir la régénération osseuse 
grâce à l’implantation du composé au sein lésion osseuse.  
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Figure 34 : Stratégie d'ITO Échafaudage pour la libération de BMP-2 
L’objectif de cette stratégie a donc été de s’affranchir de l’ajout de cellules exogènes 
mais de promouvoir le recrutement des cellules de l’hôte et de stimuler leur 
différenciation, sous l’effet de la BMP-2.  
Il a été montré que la structure des hydrogels de GNF est constituée de fibres 
interconnectées[121] qui sont composées de micelles avec un cœur hydrophobe et une 
partie externe hydrophile[120]. L’hypothèse a été que le réseau dense formé par ces 
micelles permet la diffusion lente du facteur de croissance faisant ainsi du gel de GNF 
un système de libération lente basé simplement sur sa capacité à « encapsuler » 
physiquement puis à libérer la BMP-2 comme l’ont décrit les travaux de Mooney et al[73]. 
Une observation de l’hydrogel en cryo-microscopie à balayage a permis de mettre en 
évidence la structure fibrillaire du matériau. Ce résultat est présenté en Annexe 2. Il est 
important de souligner que l’utilisation du GNF comme matériaux pour la diffusion de la 
BMP-2 nous a permis d’obtenir les résultats ci-avant présentés avec une dose de BMP-
2 très faible : 1 µg/cc contre 1,5 mg/cc dans les protocoles habituels [126].  
6.5. L’étude des propriétés ostéinductives 
Après avoir validé la faisabilité et l’efficacité du système de libération contrôlé de BMP-
2 in vitro, ce système a été injecté chez la souris en site sous-cutané. 
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Figure 35 : Injection en site sous-cutané du complexe hydrogel chargé en BMP-2 
Ces injections ont permis tout d’abord de s’assurer de la bonne injectabilité du système 
et de la capacité des hydrogels à retenir la BMP-2 sur le site d’injection afin qu’elle soit 
libérée progressivement. Une étude longitudinale d’une durée de 8 semaines a été 
réalisée. Ce modèle permet également d’étudier les capacités ostéoinductives de la 
stratégie d’ITO mise en place. Comme décrit précédemment un matériaux est 
ostéoinducteur lorsqu’il est capable de promouvoir l’ostéogenèse au sein de la matrice 
implantée, en stimulant les cellules de l’hôte, recrutées, vers une différenciation en 
cellules osseuses (préostéoblastes, ostéoblastes)[87].  Ainsi une injection en site sous 
cutané permet de s’assurer que ce phénomène ne serait pas lié à la proximité du 
matériau avec le tissu osseux de l’animal (dans ce cas il s’agirait d’ostéo-conduction) 
puisque l’injection est réalisée à distance de tout os.  
6.6. Le modèle de lésion osseuse de la calvaria 
Afin d’étudier les capacités du sytème à promouvoir la régénération osseuse, un modèle 
de lésion osseuse de taille critique de la calvaria a été réalisé chez la souris. Ce modèle 
a été choisi pour la manipulation aisée des souris, sa reproductibilité, son faible coût et 
la possibilité de réaliser un suivi post-chirurgie (suivi par fluorescence de la BMP-2 
implantée)[450]. Depuis plus de 25 ans la lésion de calvaria est employée comme 
modèle in vivo pour étudier les matériaux de comblement osseux et les stratégies de 
régénération osseuse (comprenant les approches basées sur l’apport de cellules, de 
protéines ou de gènes)[451,452]. Ce modèle de lésion rend les résultats plus pertinents 
d’un point de vue physiologique que ceux obtenus en sites ectopiques[453]. 
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Figure 36 : (A) Réalisation d'une lésion osseuse de la calvaria chez la souris, (B) implantation de l’hydgrogel contenant 
la BMP-2, (C) suture de l’incision cutanée  
Les résultats obtenus 8 semaines après l’implantation des échafaudages de GNF 
contenant la BMP-2 soulignaient une capacité de ces derniers à promouvoir la 
régénération osseuse avec une réparation moyenne de la lésion s’élevant à près de 70 
% alors que la réparation naturelle est nulle. De plus, l’étude histologique du tissu osseux 
nouvellement formé a révélé des caractéristiques d’un os en cours de remodelage.  
Le tissu osseux primaire qui contenait encore des fragments de gel était envahi de 
vaisseaux sanguins et présentaient des centres d’ossification secondaire ainsi que de la 
moelle osseuse. Ces observations suggèrent que le gel de GNF chargé en BMP-2 se 
dégrade progressivement laissant place à un tissu osseux à l’aspect proche de celui de 
l’os natif de la calvaria. 
Les modèles in vivo utilisés au cours de nos travaux ont également permis de mettre en 
avant les propriétés ostéoconductrices et ostéogéniques de l’hydrogel de GNF. En effet 
les blocs de GNF ont été infiltrés par des cellules ostéo-formatrices. De plus, des dépôts 
de tissus minéralisés étaient observés sur la surface des gels de GNF. Ces observations 
concordent avec les précédentes études sur la capacité ostéogénique du GNF en 
présence de cellules stromales humaines[123] et font du gel de GNF un matériau 
prometteur pour une utilisation l’ITO. 
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7. Limites des modèles et des outils ; 
perspectives 
L’objectif de ce projet a été de concevoir et d’étudier des stratégies d’ITO basées sur 
l’utilisation d’hydrogels pour l’injection de cellules souches ou la libération de facteurs de 
croissance.  
7.1. L’hydrogel de GNF 
Lors des études réalisées nous avons pu apprécier les qualités mécaniques du matériau. 
En effet les propriétés du gel de GNF permettent son injection et sa persistance au sein 
du site anatomique in vivo. Les résultats montrent également que le gel de GNF a la 
capacité de stabiliser mécaniquement une matrice de gel de collagène afin d’éviter les 
phénomènes de compaction et de perte des cellules ensemencées au sein du gel de 
collagène. Les propriétés du gel de GNF ne permettent pas la survie de cellules 
ensemencées au sein du matériau. Néanmoins, les propriétés structurelles du matériau 
permettent à l’hydrogel de contenir et libérer progressivement des facteurs de croissance 
de façon ciblée sur site osseux lésé.  
Il est donc nécessaire d’associer une matrice naturelle contenant les cellules pour 
assurer leur adhérence, leur survie et leur prolifération, in vitro et in vivo. Pour que ce 
matériau offre de meilleures performances biologiques il reste des améliorations à 
réaliser en amont, lors du développement et de la synthèse des molécules gélatrices. 
Une stratégie serait le greffage de molécules d’adhésion aux matériaux comme par 
exemple des peptides RGD. Il a été rapporté que des stratégies comme le greffage de 
motifs RGD de façon contrôlée à l’hydrogel favorise l’adhésion, la survie et la 
différenciation des cellules souches ensemencées au sein de l’hydrogel[195,196]. Au 
cours des travaux expérimentaux menés, des résultats contradictoires ont parfois été 
observés en termes de comportement rhéologique et biologique (survie et différenciation 
cellulaire). Il s’est avéré qu’un lot de poudre nécessaire à la préparation des hydrogels 
contenait de nombreuses contaminations et impuretés révélées à postériori par analyse 
RMN. Ces contaminations peuvent être dues à un problème lors des étapes de 
synthèses de la molécule ou à un mauvais stockage de la poudre de GNF.  Nous avons 
tiré des enseignements de ces expériences, lorsque l’on travaille avec un nouveau 
composé, pour lequel aucun protocole d’utilisation ou de conservation n’est encore 
validé : avant chaque expérience un contrôle qualité du produit est nécessaire.  
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Une autre limite causée par l’utilisation d’hydrogels a été l’impossibilité d’utiliser les 
techniques classiques de quantifications des marqueurs de différenciation cellulaire. Au 
niveau génétique, nous avons essayé d’extraire l’ARN a différents temps afin d’évaluer 
l’expression des gènes d’intérêt dans la différentiation ostéoblastique. Cependant, 
l’extraction d’ARN n’était pas possible à cause de la présence du GNF, comme 
contaminant, dans l’extrait d’ARN total. Notre hypothèse est que la présence au sein du 
GNF d’un groupement thymidine empêche une purification efficace des acides 
nucléiques par les techniques habituelles. L’absorbance du GNF a aussi été mesurée 
aux deux longueurs d’onde d’intérêts pour la quantification d’ARN (260 et 280 nm). On 
a alors observé un taux d’absorption très élevé ce qui empêche une quantification 
correcte d’ARN total purifié et rend donc impossible la réalisation de l’évaluation par 
PCR.  
Au niveau protéique, nous avons essayé de réaliser des extractions de protéines afin 
d’évaluer par exemple l’expression de la phosphatase alcaline de façon quantitative. 
Plusieurs méthodes ont été utilisées (mécanique, thermique, physique) mais nous 
n’avons pas été en mesure d’obtenir suffisamment de protéines afin d’atteindre le seuil 
de détection du test.  
7.2. Le développement et l’étude de nouvelles molécules gélatrices 
En parallèle à nos travaux, l’équipe de chimistes à l’origine de la molécule de GNF 
travaillait sur le développement et les synthèses de nouvelles molécules gélatrices 
comme le GNBA, de la même famille que le GNF[381]. Nous avons participé à la 
caractérisation biologique de ces nouveaux composés et les premiers résultats sont 
présentés sous forme d’une publication présentée en annexe[381]. L’hydrogel formé par 
cette nouvelle molécule n’est pas cytotoxique. De plus il permet l’adhésion et la survie 
des cellules ensemencées au sein du matériau pendant plusieurs jours ce qui en fait un 
candidat pertinent pour une application en ingénierie tissulaire. Les résultats obtenus 
suite à la réalisation de ces travaux sont présentés en annexe de ce manuscrit.  
7.3. Les cellules souches issues du tissu adipeux 
Lors de certaines chirurgies réalisées au CHU de Bordeaux, nous récupérions le tissu 
adipeux prélevé et habituellement destiné aux déchets opératoires (approbation éthique 
DC-2008-412). Nous obtenions à partir de ces tissus des cellules souches issues du 
tissu adipeux (hASCs); ce sont des cellules primaires. Par définition celles-ci proviennent 
directement d’un organisme et ne subissent pas de modifications permettant par 
exemple de les rendre immortelles comme c’est le cas pour les cellules dites de 
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« lignées ». L’intérêt majeur de l’utilisation de ces cellules est qu’elle permet, dans une 
optique à long terme, de transférer les stratégies développées à une application clinique 
éventuelle : utiliser les cellules de façon autologue et ainsi limiter les risques liés à 
l’immuno-incompatibilité. Cependant nous avons été confrontés à certaines limites liées 
à l’utilisation de cellules primaires. En effet ces cellules sont disponibles au rythme des 
interventions chirurgicales et leur fragilité exige une attention particulière lors de leur 
manipulation. Pendant les travaux de thèses nous avons eu une importante 
contamination de nos stocks d’hASCs par des mycoplasmes. Ceci a considérablement 
impacté sur les résultats obtenus in vitro et in vivo. Tout comme pour les contaminations 
des poudres nécessaires à la fabrication des hydrogels nous avons tiré des 
enseignements : désormais chaque lot de cellules est testé par PCR pour s’assurer de 
la non-contamination des cellules avec lesquelles nous travaillons. C’est d’ailleurs lors 
de la période de décontamination du laboratoire et des stocks cellulaires qu’il a été 
proposé de s’intéresser aux capacités de l’hydrogel à délivrer un facteur de croissance, 
cette stratégie nous permettant de nous affranchir de l’utilisation de cellules.  
7.4. Les modèles d’étude in vivo 
Comme décrit précédemment nous avons étudié les propriétés de nos matériaux in vivo 
par deux modèles chez la souris : en site sous cutané (ectopique) et avec la réalisation 
de lésion de la calvaria (orthotopique). Bien que ces techniques aient permis de mettre 
en évidence les propriétés ostéoinductives et ostéoconductives des matériaux 
développés, elles présentent des limites. Tout d’abord d’un point de vue anatomique la 
calvaria est un os plat, de structure particulière, puisqu’il ne contient pas de corticale (ou 
cortex) ni de travées osseuses. Ensuite une limite de la lésion de calvaria réside dans 
l’absence quasi-totale de mises en charge. Or nous savons que les contraintes 
mécaniques jouent un rôle primordial dans les phases de cicatrisation et de remodelage 
osseux[450]. Il serait alors pertinent d’étudier les capacités de régénération osseuse 
dans des modèles de résections osseuses sur des fémurs de rat par exemple. Dans ce 
type d’étude il serait alors nécessaire de stabiliser la fracture puis de maintenir l’hydrogel 
avec une membrane afin que celui-ci reste en place au sein de la lésion. Pour suivre le 
processus de régénération osseuse de façon longitudinale et avoir une référence 
correspondant à l’état initial de la lésion[450]. Il est nécessaire dans ce type d’étude de 
disposer d’un micro-scanner sur site, ce qui n’était pas le cas au moment où nous avons 
réalisé nos travaux. Ce type d’appareillage aurait également permis de réaliser des 
images à différents intervalles dans le cas des implantations sous cutanées afin d’ajouter 
une dimension temporelle à notre étude. Il aurait été ainsi possible de savoir quand 
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apparaissent les premières étapes de minéralisation du gel et quand cette minéralisation 
atteignait son maximum. 
8. Conclusion 
Ce travail de doctorat s’est déroulé entre deux laboratoires, dans un contexte 
pluridisciplinaire puisque les travaux menés ont requis des notions de biologie, de 
chimie, de sciences des matériaux et du vivant.  Les recherches se sont focalisées sur 
la mise au point, l’étude et la validation in vitro puis in vivo de stratégies pour l’ingénierie 
tissulaire osseuse.   
Au cours de ces travaux, plusieurs difficultés ont été rencontrées et des stratégies ont 
été étudiées et mises en place pour les surmonter. Ces difficultés étaient liées à 
l’utilisation de matériaux dont les méthodes de fabrication et de conservations n’étaient 
pas encore totalement établies, conduisant à une évolution de leurs propriétés soit d’un 
lot à l’autre, soit au cours du temps pour un même lot. Cela a nécessité des étapes de 
re-purification.  Malgré ces limites, nos travaux ont permis de proposer des stratégies 
pour la régénération osseuse basées sur l’utilisation d’hydrogels de GNF.  Nos travaux 
ont mis en évidence les propriétés rhéologiques du gel de GNF pour une injection et une 
manipulation aisée du produit, permettant d’y incorporer une matrice naturelle contenant 
des cellules ou des molécules bioactives. La formation du gel est obtenue en 
refroidissant naturellement la solution de GNF, évitant toute réticulation chimique qui 
nécessiterait des réactifs potentiellement toxiques. De plus, la gélification se produit 
lentement, permettant un l’ajout des cellules ou des molécules bioactives à 37 ° C avant 
que la formation du gel ne soit terminée. Cette propriété offre également la possibilité 
d'injecter la solution de GNF encore visqueuse et de la laisser gélifier in situ. Compte 
tenu des propriétés du gel de GNF qui ont été décrites et étudiées, ce composé apparaît 
comme un biomatériau prometteur pour des stratégies d’ITO qui reposent sur l’apport 
de cellules ou de molécules bioactives à la lésion osseuse. D’autres perspectives sont 
l’utilisation de ce gel pour différentes applications d’ingénierie tissulaire. En effet, il serait 
possible d’associer l’hydrogel de GNF à d’autres matrices naturelles ou molécules 
bioactives en vue d’étudier ses capacités à régénérer d’autres types de tissus lésés. 
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Annexes 1 : Résultats complémentaires 
Dans cette annexe, sont présentés des résultats qui ont été obtenus au cours de l’étude 
de la libération contrôlée de BMP-2 par les hydrogels de GNF. Bien que ces résultats 
n’aient pas été intégrés lors de la rédaction de l’article présenté au Chapitre 5 
« Prolonged delivery of BMP-2 by a non-polymer hydrogel for bone defect 
regeneration », ils apportent des précisions complémentaires.  
La micro-structure des hydrogels a été observée au cryo-microscope électronique à 
balayage à la plateforme de caractérisation des matériaux d’Aquitaine (PLACAMAT). 
Les images réalisées ont permis de mettre en évidence la structure des matériaux, 
composés de fibres. Ce réseau très dense permet la diffusion lente du facteur de 
croissance emprisonné au sein du réseau de fibres.  
 
Figure 37 Observation en cryo-microscopie électronique à balayage 
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Dans un second temps, des injections en site sous-cutané d’hydrogels de GNF chargés 
en BMP-2 ont été réalisées chez la souris. Deux mois après la chirurgie les animaux ont 
été sacrifiés et les hydrogels injectés ont pu être prélevés. L’observation des coupes 
histologiques de ces prélévements montrait l’infiltration des blocs de GNF par des 
cellules ostéo-formatrices. De plus, des dépôts de tissus minéralisés (colorés en violet) 
étaient observés sur la surface des gels de GNF (colorés en bleu). 
 
Figure 38 Mineralisation et infiltration de cellules de l'hôte au sein de l'hydrogel 
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Des injections des hydrogels de GNF chargés en BMP-2 ont également été réalisées 
sur des lésions de calvaria comme présenté dans le chapitre 5. Les résultats présentés 
au chapitre 5 concerne les données quantitatives de régénération et de qualité osseuse. 
Est présenté en annexe une image représentative de la reconstruction tridimensionnelle 
acquises par imagerie micro-scanner. Ces analyses ont été réalisées au sein de l’unité 
de recherche EA2496 (Laboratoires Pathologies, Imagerie et Biothérapies orofaciales, 
Université Paris Descartes). 
 
Figure 39 Reconstruction tridimensionnelle par technique d'imagerie µCT des explants de calvaria 
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